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ABSTRACT 

A new approach t o  the design of adaptive cont ro l  systems has been 
developed. 
and the  systems so designed are cal led "adaptive cont ro l  funct ion 
systems." This terminology i s  descr ipt ive of the bas i c  operating 
p r inc ip l e  f o r  these systems. 

It is ca l led  the  "adaptive control funct ion approach," 

The bas ic  operating p r inc ip l e  i s  t h a t  sums of properly modulated, 
conventional l i n e a r  feedback and feedforward s igna ls  provide the  cont ro l  
inputs needed t o  obtain specif ied responses i n  a number of output 
var iab les  of a l i n e a r  control led element. The t h e o r e t i c a l  development 
i n  t h i s  repor t  deals  with l i nea r ,  constant coe f f i c i en t  control led 
elements only. With t h i s  r e s t r i c t i o n ,  the nwnber of l i n e a r l y  independent 
control led element responses which can be a r b i t r a r i l y  spec i f ied  i s  
equal  t o  the  number of independent control  po in ts .  These spec i f ied  
responses then determine vhat the  ( i d e a l )  cont ro l  inpc ts  should be. 

' 
Adaptive con t ro l  function systems are Izlechanized so t h a t  t h e  .' 

a c t u a l  input a t  each cont ro l  point  approaches the i d e a l  input because 
of a s t eepes t  descent feedback mechanism. The difference between the 
i d e a l  and a c t u a l  cont ro l  inputs  can be made a r b i t r a r i l y  c lose  t o  zero, 
i n  pr inc ip le ,  by increasing the rate of descent i n  the steepest descent 
procedure. Increasing t h i s  r a t e  i s  accomplished by increasi.pg adaptive 
loop gains .  This increases  the  rate a t  which the  gains  modulating the  
feedback and feedforward s igna l s  can be changed. Se lec t ion  of the  
adaptive loop gains  i s  a t  the  choice of the designer.  
adaptive gains  may be s e t  a r b i t r a r i l y  high, b u t  when p r a c t i c a l  devices 
a r e  used t o  r e a l i z e  the  system, there  i s  ac tua l ly  a f i n i t e  upper l i m i t .  

Tn pr inc ip le ,  

The adaptive cont ro l  funct ion approach i s  applied here t o  the  design 
of an adaptive,  l a t e r a l  s t a b i l i t y  augmentation system for  a hypothet ical ,  
manned, l i f t ing-body,  en t ry  vehicle .  The object ive of t h e  appl ica t ion  
is  t o  e f f e c t  considerable improvement i n  the f i c k l e  and sometimes rap id ly  
changing l a t e r d - d i r e c t i o n a l  handling qua l i t i es  of t h i s  vehicle .  Data 
from a simulation of the system demonstrate i t s  effect iveness  i n  meeting 
the  object ive.  P r a c t i c a l  modifications, necessary f o r  reducing adaptive 
con t ro l  function theory t o  prac t ice ,  a r e  given ca re fu l  a t t e n t i o n  i n  the  
example appl icat ion.  
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The standard symbology used i n  describing a i r c r a f t  dynamics i s  given i n  

R e f .  1 1 . All other  symbols not exp l i c i t l y  defined where they are used i n  

the  t e x t  are defined below. 

lead compensated lateral accelerometer output 

commanded value of ac 

la teral  acce lera t ion  o f  t he  vehicle c . g . 
la teral  acce lera t ion  of  t he  vehicle measured at a 
point  3.88 f e e t  forward of the c.g. 

aC 

aY 

8y 
1 

a i  l a t e r a l  acce le ra t ion  of t he  vehicle measured a t  a 
point  3.38 feet  forward of the c.g. 

lateral  accelerat ion of  t he  vehicle measured a t  the  
p i l o t s  head, estimated t o  be 5.88 f e e t  forward of 
the c.g. 

c YP 
a 

8 gain f o r  adaptive adjustment of roll rate SAS gain,  K$ A@ 

AY gain for adaptive adjustment of la teral  acce lera t ion  
SAS gain,  Ky 

d disturbance input t o  the  vehicle 

ea  e r r o r  s i g n a l  f o r  t he  adaptive roll r a t e  gain loop 

e r  e r r o r  s igna l  f o r  t he  adaptive l a t e r a l  acce le ra t ion  gain loop 

f a  roll r a t e  component of the  c r i t e r ion  f o r  the  d i g i t a l  
ad j us tment scheme 

f r l a t e r a l  acce le ra t ion  component of t he  c r i t e r i o n  f o r  the  
d i g i t a l  adjustment scheme 

forcing funct ion i n  the roll ra te  gain d i f f e r e n t i a l  
e quat ion 

f +  
forc ing  funct ion i n  the  l a t e r a l  acce le ra t ion  gain 
d i f f e r e n t i a l  equation 

f Y  

roll feedback t r a n s f e r  function 

l a t e r a l  acce le ra t ion  feedback t r a n s f e r  funct ion 

GYJ 

Ga;: 

J c r i t e r i o n  funct ion 

ix 



gain of the  roll rate SAS loop 
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S 

T 

'as 

A 

cp 

I d B I  

wrp 
Loa 

gain of t he  la teral  acce lera t ion  SAS loop 

gain of t he  p i l o t  descr ibing funct ion 

loca t ion  of the rudder center  of percussion 

subscr ip t  des ignat ing godel  var iab le  

numerator of t he  t r a n s f e r  funct ion between and Q 

coupling numerator f o r  61, 62, q3 and % 

unspecified motion quant i ty  

yaw rate 

Laplace operator  

t i m e  constant of the f i l t e r ,  F ( s )  

a i l e ron  servo t r a n s f e r  funct ion 

rudder servo t r a n s f e r  funct ion 

la te ra l  acce lera t ion  feedback compensation 

r o l l  rate feedback compensation 

p i l o t  descr ibing funct ion 

crossfeed t r a n s f e r  funct ion 

s i d e s l i p  gus t  disturbance 

a i l e ron  de f l ec t ion  

rudder de f l ec t ion  

cha rac t e r i s t i c  polynomial 

roll angle 

magnitude of t h e  r a t i o  of r o l l  t o  s i d e s l i p  evaluated 
at the  dutch r o l l  frequency, 
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NEW METHODS 
IN ADmTrvE FLIaHP C O r n O L  

Systems Technology, Inc. 
By Lee Gregor Hofmann and John J. B e s t  

SECTION I 

INTRoDucTIom 

Self  -adaptive con t ro l  systems have been fashionable subjec ts  f o r  

controls  research, now, f o r  somewhat longer than a decade. As  engineers 

and s c i e n t i s t s ,  we have tackled t h i s  subject using techniques ranging 

from experimental synthesis  i n  the laboratory t o  e legant  mathematical 

ana lys i s .  

successful  i n  terms of producing p rac t i ca l  so lu t ions  f o r  p a r t i c u l a r  

problems. I n  terms of producing generally appl icable  techniques 

More of ten  than not,  these research e f f o r t s  have been qui te  
1 

a capable of serving the  needs of system designers, however, success has 

been considerably less. 

The self-adapt ive con t ro l  system developed i n  t h i s  r epor t  provides 

a system design technique, which i n  o u r  opinion, considerably lessens  

(but 6oes not e l iminate)  t he  l imi ta t ions  mentioned above. 

almost a l l  "new" techniques, t h i s  is the  product of continued r e f l e c t i o n  

upon the  literature of t h i s  f i e ld , '  and a c lose ly  r e l a t ed  f i e l d ,  system 

iden t i f i ca t ion .  The main l i n k s  of t h i s  research with p a s t  e f f o r t s  

are conceptual i n  nature.  For example, the bas i c  idea  of employing 

a model of the  desired system and/or response i s  very o f t en  a t t r i b u t e d  

t o  Lang and Ham ( R e f .  1 ) . The model was used as an ( e x p l i c i t )  p a r t  of 

t h e  condi t iona l  feedback system i n  Ref. 1. 

model-reference concept was u t i l i z e d  by Whitaker, Yamron and Kezer  

(Ref. 2)  i n  the  first vers ion of t h e  model-reference adaptive con t ro l  

system. New t h e o r e t i c a l  developments gave r ise t o  a second vers ion of 

t h e  model-reference adaptive con t ro l  system (Ref. 3). It is  worthwhile 

t o  note t h a t  j u s t  about t he  only fea ture  of the  f irst  vers ion t o  appear 

i n  the  second was t h e  model. Models also were employed i n  an impl i c i t  

sense f o r  system iden t i f i ca t ion .  

of Po t t s ,  Ornstein and Clymer ( R e f .  5 )  should be mentioned because 

Like 

Later the  model o r  

Here the work of Graupe ( R e f .  k ) ,  and 



the equation e r r o r  technique used by these inves t iga tors  r e s u l t s  i n  

an impl ic i t  manifestation of a model. 

Models a re  involved i n  the  present work i n  an impl i c i t  way. 

Thei r  involvement i s  i n  the s p i r i t  of the model-reference technique 

although t h e i r  p rec ise  r o l e  i s  d i s t i n c t l y  d i f f e ren t .  

Many adaptive cont ro l  systems and system iden t i f i ca t ion  schemes 

depend upon minimization of a non-negative c r i t e r i o n  funct ion of some 

convenient e r ro r .  This i s  a l s o  t r u e  i n  the  present  work. This 

approach, however, i s  of ten  l imited by slow convergence and/or 

s t a b i l i t y  problems. A number of research e f f o r t s  have been he lpfu l  

i n  minimizing the e f f e c t s  of t h i s  l imi t a t ion .  F i r s t ,  one e s s e n t i a l  

requirement i s  t o  choose e r ro r s  which contain some d i r e c t  a lgebraic  

dependency upon the  adjustable  gains  o r  parameters i n  addi t ion  t o  

whatever other  func t iona l  dependencies might e x i s t .  

out by Graupe ( R e f .  4)  and Pot t s ,  Ornstein and Clymer (Ref. 5 ) .  
S t a b i l i t y  of i d e n t i f i c a t i o n  systems using such e r r o r s  was  proved by 

Miller (Ref. 6 ) .  
show these systems a r e  asymptotically s t ab le  f o r  two broad (and usefu l )  

c lasses  of forcing functions.  

rapid convergence l a y  with using a s u f f i c i e n t  number of l i n e a r l y  

independent e r r o r s .  This enables one t o  construct  a pos i t ive  d e f i n i t e  

c r i t e r ion  funct ion ( i n  terms of t he  adjustable  gains o r  parameters) of 

the e r ro r s .  The need f o r  addi t iona l  e r r o r s  can be f u l f i l l e d  making use 

of Rucker's state var iab le  decomposition f i l t e rs  ( R e f .  8 ) .  

This w a s  pointed 

Lion (Ref. 7) l a t e r  extended the  Mil ler  proof t o  

Lion a l so  found that  the  key t o  obtaining 

The multiloop analysis  technique developed by McRuer, Ashkenas, and 

Pass (Ref. 9) i s  used t o  guide se l ec t ion  of quant i t ies  f o r  feedback 

and t o  expose simplifying i d e n t i t i e s  i n  the  f i l t e r  por t ion  of adaptive 

control  funct ion systems. 

A l l  of the  above concepts and innovations play a ro l e  i n  our "new" 

technique. The s igni f icance  of "new" l i e s  i n  t h e i r  unique combination 

which r e s u l t s  i n  the  adaptive con t ro l  funct ion system. This i s  the  

2 



first  adaptive technique, not requir ing e x p l i c i t  i d e n t i f i c a t i o n  of 

t h e  control led element, which is  a l s o  applicable t o  mult i -control  

po in t  problems. t 

The primary goa l  i n  t h i s  research program w a s  t o  develop an 

adaptive con t ro l  system capable of compensating f o r  very rapid 

va r i a t ions  i n  cont ro l led  element dynamic cha rac t e r i s t i c s .  The r e su l t i ng  

technology was t o  be applied t o  a s igni f icant  f l i g h t  con t ro l  problem. 

S t a b i l i t y  augmentation of the  l a t e ra l -d i r ec t iona l  dynamics of a manned, 

l i f t ing-body en t ry  vehicle  was selected because t h i s  problem requires  

very rapid compensation f o r  varying vehicle c h a r a c t e r i s t i c s  and because 

it i s  a multi-point con t ro l  problem of general  importance. 

Secondary goals  were t o  arrive a t  a bas i c  configurat ion f o r  t h e  

la teral  SAS which would be cons is ten t  with present  conventional design 

techniques and which would considerably improve the handling q u a l i t i e s  

over those f o r  the  unaugmented vehicle .  The range of vehic le  dynamics 

considered i s  i m p l i c i t l y  spec i f ied  by a s ing le  en t ry  t r a j ec to ry .  

t r a j e c t o r y  was  spec i f f ca l ly  chosen t o  emphasize t h e  d y m m k a l  problems 

i n  terms of handling qua l i t i e s .  The l imi ta t ion  t o  a s ing le  t r a j ec to ry ,  

however, w a s  necessary i n  order t o  prevent t he  handli& q u a l i t i e s  

aspect  of t he  research from overwhelming the  primary goal. 

reason, t h e  feedback quant i t ies  and the adaptive gains  used here in  

should not be accepted without question f o r  use i n  a broader context.  

This is not  t o  say the  chosen configuration i s  inappropriate  f o r  

o ther  t r a j e c t o r i e s ,  but  r a t h e r  t h a t  the  configurat ion i s  most appro- 

p r i a t e  f o r  t h e  handling q u a l i t i e s  problems f ixab le  with the  given 

feedbacks. 

The 

For t h i s  

If other  t r a j e c t o r i e s  give rise t o  o ther  handling q u a l i t i e s  

t sh ip ley ,  Engel and Hung (Ref. 10) have developed an adaptive 
lateral s t a b i l i t y  augmentation system fo r  a i r c r a f t .  However, t h e i r  
system employs e x p l i c i t  i d e n t i f i c a t i o n  o f  t h e  con t ro l  element, and 
t h e  adjustment of t h e  cont ro l  system gain i s  open-loop. 

3 



problems f o r  which the  chosen feedbacks a r e  inappropriate ,  new 

choices a re  i n  order.  

The techniques applied here t o  a f l i g h t  cont ro l  system, apply i n  

general f o r  adaptive con t ro l  of any control led element which can be 

modelled by a l i n e a r  constant  coe f f i c i en t  d i f f e r e n t i a l  equations with 

reasonable accuracy f o r  a period approximately equal t o  the  control led 

element response time. 

ORGANIZATION OF "E REPORT 

The body of t he  repor t  cons is t s  of fou r  main Sections.  The 

material  presented i n  these  Sections pe r t a ins  d i r e c t l y  t o  the design 

of an  adaptive l a t e r a l  s t a b i l i t y  augmentation system (SAS) f o r  a 

hypothetical ,  manned, l if t ing-body, en t ry  vehicle  (W). 

developing the  theory within the  context of an appl icat ion,  and la ter  

generalizing the development i n  an Appendix, we hope t o  spare  t h e  

readers '  consideration, a t  the  outset ,  of many d e t a i l s  of secondary 

importance. 

t 

By first 

Section I1 explains the  key concepts f o r  designing adaptive 

control  funct ion systems. These a r e  then applied t o  design the  

adaptive la te ra l  SAS f o r  the  MLEV. 

system is analyzed. Then, the  "paper design" i s  modified t o  take 

non-ideal e f f e c t s  such as f l i g h t  cont ro l  servo dynamics i n t o  account, 

and t o  e l iminate  physical ly  impract ical  operations such as s igna l  

d i f f e ren t i a t ion .  

The s t a b i l i t y  of t h e  r e su l t i ng  

Readers who a re  most concerned with the  adaptive la teral  SAS 
configuration and system performance may p re fe r  t o  sk ip  Section I1 

which dea ls  with the  t h e o r e t i c a l  development, and proceed d i r e c t l y  t o  

Section 111. 

I n  Section 111, the  system configuration i s  summarized, and 

performance of the  adaptive l a t e r a l  SAS i s  demonstrated. The da ta  

presented are the  r e s u l t  of an extensive analog simulation program. 

4 



The simulated vehicle  equations of motion a r e  time-varying and represent  

en t ry  along a t r a j e c t o r y  which produces several d i f f e r e n t  handling 

q u a l i t i e s  problems when the vehicle i s  unaugmented. 

The effects of fu r the r  system simplication a r e  explored i n  

Section IV. 
l eve l s  from the  point  of view f l i g h t  hardware. 

the  mechanization of the  adapti,.lg gains replaces  mul t ip l ie rs  with log ic  

elements. 

b u t  the  adaptive ac t ion  of the  system a lso  i s  made independent of 

forcing funct ion leve l .  Simulation data i s  presented t o  i l lustrate  t h e  

performance of the  modified system. 

The object ive i s  t o  reduce system complexity t o  minimal 

One s implicat ion i n  

I n  this case, t h e  s .stem is not only made less complex, 

Concluding remarks form a very br ief  Sect ion V. 

Appendix A summarizes the dynamic cha rac t e r i s t i c s  and systems 

surveys f o r  the  MLFV. 
acce lera t ion  feedback t o  rudder and roll rate feedback t o  a i l e ron  f o r  

the  bas i c  SAS configuration. 

The systems surveys lead t o  a choice of lateral  

Appendix B presents  a more general  and compact der iva t ion  of t h e  

adaptive con t ro l  funct ion system equations. 

Diagrams documenting the simulation of t he  adaptive la teral  SAS 

and the  MLEV form the  bulk of Appendix C. 
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SECTION I1 

ANALYSIS 

In  the f i r s t  por t ion  of t h i s  Section, we present  a descr ip t ion  of 

the  l a t e r a l  dynamics of the  hypothet ical  manned, l if t ing-body, en t ry  

vehicle (MLEV). 

of the adaptive cont ro l  theory. 

f o r  synthesizing an adaptive cont ro l  funct ion system which w i l l  perform 

the  l a t e r a l  s t a b i l i t y  augmentation (SAS) funct ion f o r  the  MLFV. 

se lec t ion  of the  motion quant i t ies  f o r  feedback is  accomplished i n  

Appendix A using t h e  competing systems technique. While it is  the  

case that  the  se l ec t ion  i s  based on ca lcu la t ions  which assume the SAS 

consis ts  of l i nea r ,  constant coef f ic ien t  feedbacks of motion quant i t ies ,  

we hold t h a t  such a se l ec t ion  process i s  b e s t  f o r  our purposes here f o r  

reasons of f l i g h t  sa fe ty .  

capable of de l iver ing  at  least  marginal performance, with the  adaptive 

system turned off and SAS gains  s e t  manually t o  su i t ab le  values f o r  

emergency operat  ion. 

This i s  the  control led element used f o r  t h e  appl ica t ion  

Next, we proceed through the  s teps  

The 

That i s ,  the  closed-loop system should be 

Once the  SAS feedback quant i t ies  have been se lec ted ,  we then 

proceed t o  def ine the  e r ro r s  f o r  adaptive system operation, choose 

an adaptive gain adjustment l a w  and then examine the s t a b i l i t y  of t he  

adaptive gain adjustments under ce r t a in  i d e a l  circumstances. The f ina l  

and perhaps most important s t e p  of a l l  i s  tha t  of making modifications 

t o  the r e su l t i ng  theo re t i ca l  design t h a t  w i l l  al low us t o  accomodate the 

non-ideal e f f e c t s  which a r e  a p a r t  of any system with real  components. 

The p rac t i ca l  modification techniques presented are f o r  coping with 

t h e  lags inherent i n  the f l i g h t  con t ro l  servos,  replacing pure 

d i f f e ren t i a t ions  with pseudo-different ia tors  and f o r  adding add i t iona l  

l o w  pass f i l t e r i n g  t o  c o d a t  noise. 
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CONTROLLED EXJBENC AND F'EXDBACK QUANTITIES 

The la teral  MLFV dynamics are characterized by t r a n s f e r  functions 

f o r  the t h e o r e t i c a l  por t ion  of t h i s  study. I n  a c t u a l  f a c t ,  the  

d i f f e r e n t i a l  equations descr ibing the  vehicle are time-varying. 

However, the  time-varying e f f e c t s  are negligible f o r  engineering 

purposes over a l l  of t he  given f l i g h t  p ro f i l e  except f o r  t he  10 sec 

o r  l e s s  during which the  vehicle  is i n  the t ransonic  f l i g h t  regime. 

I n  t h a t  regime, adaptive system performance is  a matter of surpassing 

importance a d  g rea t  i n t e r e s t .  

varying environmental parameters i n t o  account i s  beyond the  capab i l i t y  

of the  t h e o r e t i c a l  t o o l s  avai lable .  

upon simulation t o  ind ica te  system p e r f o m c e  i n  t h i s  regime. 

However, ana lys i s  which takes  t i m e -  

Therefore, we shal l  have t o  r e l y  
i 

The feedbacks se lec ted  as most appropriate f o r  improving the  

handling q u a l i t i e s  of the MEW a re :  

Lateral acce lera t ion  measured 3 . 9  f t  forward 
of t he  vehicle  center  of gravity,  9, compensated 
by a lead/ lag network, ( s  + 1.5)/(s + l ? . O ) ,  and 
fed t o  rudder 

Rol l  rate feedback t o  a i le ron  

Figure 1 i s  a block diagram of t h i s  system. A capsule summary of t he  

systems survey analyses leading t o  se lec t ion  of these feedbacks i s  

contained i n  Appendix A. Clearly, the var iables  t o  be control led are 

?p and ac. A working notation, %, i s  used here f o r  the gain, K G ,  of 

Appendix A. 

The notat ion f o r  descr ibing a i r c r a f t  dynamic cha rac t e r i s t i c s  

involved i n  handling q u a l i t i e s  i s  given i n  R e f .  1 1 .  In-depth analyses 

for explaining and predic t ing  handling qua l i t i e s  f o r  a i r c r a f t  on the  

basis of closed-loop p i lo t -vehic le  system considerations i s  given i n  
R e f .  12. 

7 



Flight Control 

MLEV 

Compensation 

s t 1.5 
s + 15. 

QC 

Figure 1 .  Block D i a g r a m  of MI;EV Lateral SAS 

Handling q u a l i t i e s  problems spec i f i c  t o  the  unaugmented MLEV are 

reviewed i n  Appendix A. They may be summarized as follows: 

Very low roll damping a t  a l l  f l i g h t  conditions 
requi res  considerable lead from the  p i l o t  f o r  
con t ro l  of roll angle with a i l e r o n  

IXltch roll damping i s  very low at a l l  f l i g h t  
conditions 

0 R o l l  r eve r sa l  <%2 i s  negative) accompanied by 
low dutch r o l l  s t i f f n e s s  a t  f l i g h t  condi t ion 810 
requi res  unconventional p i l o t i n g  technique which 
i s  marginal a t  best. 
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0 Too l a rge  a frequency separation between u)cp and QJ 

e a r l y  i n  the  f l i g h t  (at 630 and 725 sec)  when rudder 
con t ro l  e f fec t iveness  is  v i r tua l ly  non-existent leads 
t o  roll rate reversals i n  response t o  a i l e ron  

0 Too small a frequency separation between 9 and 
l a t e  i n  the  f l i g h t  ( a t  865 sec)  leads  t o  i n a b i l i t y  t o  
damp t he  dutch roll t o  any appreciable degree f o r  roll 
con t ro l  with a i l e ron  only. 

The lateral acceleration-to-rudder feedback f i x e s  t h e  roll reversal 

(negative q2) problem and s t i f f e n s  the  dutch roll a t  f l i g h t  condition 

810. 

a t  f l i g h t  condi t ion 865. 
roll damping can be increased at a l l  f l i gh t  conditions where there  i s  

It a l s o  i s  used t o  increase the  separation between uq and U+J 

By including lead-lag compensation, the  dutch 

r. rudder con t ro l  effect iveness .  

The roll rake-to-aileron feedback flxes t h e  low r o l l  daniping 
8 problem. It a l s o  augments t he  dutch roll damping and suppresses the 

I q / B I  r a t i o  i n  the  dutch roll mode. 

The systems surveys i n  Appendix A show t h a t  reasonable choices f o r  
K+ should be ad jus tab le  t o  compensate adjustable  gains  are IC+ and Ky. 

f o r  t h e  l a rge  magnitude changes i n  the control  e f fec t iveness  der iva t ives .  

Ky should be adjustable  because there  i s  no constant  value of t h i s  ga in  

which would not produce i n s t a b i l i t y  a t  some f l i g h t  conditions.  On t h e  

o ther  hand, t he re  i s  no a l t e rna t ive  t o  lateral acceleration-to-rudder 

capable of coping with t h e  spec ia l  problems a t  f l i g h t  conditions 810 

and 865 and capable of supplying some modest amount of dutch roll 
damping. 

a l l  these  object ives  simultaneously. 

I n  pa r t i cu la r ,  yaw r a t e  feedback t o  rudder cannot accomplish 

When t h e  preferred feedbacks a r e  used,the MLFV t r a n s f e r  funct ions 

of i n t e r e s t  are those involving a i l e ron  and rudder inputs  and roll 

rate, +t, and lateral accelerat ion,  +, outputs. The transfer funct ions 

~ ~~ 

+We have assumed here t h a t  (I i s  a derived rate obtained from a 
v e r t i c a l  gyro operating as a f r ee  gyro during the  entry.  
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10 

are expressed i n  terms of r a t i o s  of numerator polynomials, N t  ;, t o  

the cha rac t e r i s t i c  polynomial, A. Thus, f o r  example, the  unaugmented 

a i le ron- to- ro l l  angle r a t e  t r ans fe r  funct ion i s  N g  /A. The subscr ip t  

on N ind ica tes  the  input f o r  t h e  t r ans fe r  funct ion while the  superscr ip t  

indicates the output. 

a 

The MLEV equations can be expressed i n  matrix form and i n  terms of 

t ransfer  functions as 

and the  cont ro l  l a w  as: 

The problem at hand is  a mult i -control  point  problem. Because of 

t h i s ,  we will make use of t he  so-called coupling numerators of t he  

multiloop analysis  technique developed i n  R e f .  9 .  A synopsis of t he  

multiloop analysis  technique i s  given i n  Appendix A. 

ana ly t ica l  tools necessary here. 

It provides the  

The coupling numerator i s  convenient because it expresses i n  a 

simplified and compact way a conibination of numerators and the  

cha rac t e r i s t i c  polynomials which occurs f requent ly  i n  mult i -control  

point problems. 

rudder-to-lateral  acce le ra t ion  coupling numerator, N' 5 : 
Here we are concerned with the  a i le ron- to- ro l l ,  

Ea% 



The cha rac t e r i s t i c  polynomial, A, i s  always an exact  f a c t o r  of the  

numerator on the  RHS of Eq  3 .  This suggests t h a t  easier means than 

d i r e c t  evaluation of Eq 3 can be found t o  ca lcu la te  NEa%. Indeed, 

t h i s  is the  case. 

It 

One of the r e a l l y  useful fea tures  of the coupling numerator i s  t h a t  

it can be calculated by a method analogous t o  Cramer’s rule. That is ,  
NEa6, 6% can be obtained from the  Laplace transformed a i r c r a f t  equations 

of motion by subs t i t u t ing  the  6, cont ro l  effect iveness  column i n t o  the  

@ column of the c h a r a c t e r i s t i c  matrix gn& the 6, con t ro l  e f fec t iveness  

column i n t o  the  a? column of t he  cha rac t e r i s t i c  matrix and then computing 

the  determinant of t he  r e su l t .  The coupling numerator no ta t ion  is  

suggestive of t h i s  operation. 
# 

Numerical evaluat ions of t he  charac te r i s t ics ,  numerator, and 

coupling numerator polynomial i n  terms of exact f ac to r s  are tabulated 

i n  Table A-4 a t  s i x  f l i g h t  conditions.  

The t r a n s f e r  funct ions f o r  the  closed-loop system shown i n  Fig. 1 

and % are constants.  are given by E q  4 through 7. These assume K @ . I t  
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where 

The t r ans fe r  funct ions which of course, concern us most are those for 
the c o m n d e d  var iab les ,  Eq 4 and 6. 

We have at t h i s  po in t  es tabl ished and j u s t i f i e d  the  bas ic  loop 

configuration f o r  t he  MI;Ev l a t e r a l  SAS. (The study is  ac tua l ly  

presented i n  d e t a i l  i n  Appendix A.)  W e  have a l s o  j u s t i f i e d  the need 

for adjust ing the  and Ky gains.  The case f o r  adaptive adjustment 

of these gains  can be made based upon the  r i c h  v a r i e t y  of reasonable 

entry t r a j e c t o r i e s  possible ,  and the l a rge  ranges i n  angle of a t tack ,  

Mach number and air dens i ty  which can be encountered. The f i r s t  f a c t o r  

eliminates time-scheduled gain changes as impract ical .  "he second 

fac tor  together  with some uncertainty i n  vehicle  aerodynamic charac- 

t e r i s t i c s  tends t o  make a i r -da t a  scheduled gain changes una t t rac t ive .  

Manual adjustment of t he  gains is precluded by the r ap id i ty  of the  

adjustment required i n  the  t ransonic  regime. 

Next we s h a l l  proceed with development of the  adaptive system. 

CLOSED-LOOP SYSTEM MODEL 

An impl ic i t  model of t he  closed-loop system i s  used i n  the adaptive 

control funct ion scheme. Choice of a model may be somewhat a rb i t r a ry .  

For compelling reasons, however, we make a ra ther  spec i f i c  choice here. 
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The model used has the  same configuration as the  system i n  Fig. 1. 

What i s  more, we take the  t r ans fe r  functions f o r  t he  ML;EV model t o  be 

approximately those f o r  t he  a c t u a l  MLFV a t  one f l i g h t  condition. 

the  system feedbacks have been chosen because they can provide a good 

SAS a t  any f l i g h t  condition we are assured t h a t  t h i s  choice of closed- 

loop model w i l l  be a good one. 

are, of course, those calculated i n  the  systems surveys f o r  t h a t  

p a r t i c u l a r  f l i g h t  condition. Another reason f o r  choosing the  model t o  

c lose ly  approximate t h e  system a t  one f l i g h t  condi t ion i s  tha t  we 

i n t u i t i v e l y  expect t h i s  w i l l  tend t o  require smaller con t ro l  surface 

def lec t ions  than will a model l e s s  closely r e l a t ed  t o  the  cha rac t e r i s t i c s  

of the  ac tua l  system. 

10 apply as well t o  t h i s  model if  it i s  understood t h a t  the  subscr ip t  

m added t o  the cha rac t e r i s t i c ,  numerator, and coupling numerator 

polynomials and the  gain symbols, designates model values.  

Since 

The se t t ings  f o r  t he  SAS model gains  

The t r ans fe r  functions developed i n  E q  4 through 

b' 

The system model t r ans fe r  functions themselves are not e x p l i c i t l y  

used. Instead,  we take t h e  mathematical inverse  of these  t r a n s f e r  

funct ions.  The result i s  another set of t r ans fe r  funct ions which i s  

capable of generating model values of  the command inputs ,  and a 

from given @ and a! s igna ls .  
'em 

The mathematical inverse of t h e  system model t r a n s f e r  functions can 

be obtained most e f f i c i e n t l y  using the const i tuents  of the  system 

t r a n s f e r  funct ions i n  matrix form. The MLEV model t r a n s f e r  functions are: 

The m o d e l  cont ro l  l a w  (neglect ing f l i g h t  con t ro l  servo dynamics i n  the  

model) i s :  



Solving for c o l  1 Sa, Srl  in E q  1 1  gives, 

4 ) *  where the coupling numerator N8a&r arises from the determinant of the 
matrix of numerators when calculating the inverse of that matrix. We 

can then solve for aCcIm using E q  12 and 13. 

CHOOSING APPROPRIATE ERRORS 

The error signals are defined to be proportional to the differences 

between the actual commands and the model representations of the commands. 

Thus, 

The signal ea represents error in the aileron control channel: 

subscript a standing f o r  aileron. 

the lateral acceleration rudder control channel: the subscript r 

the 

The signal er represents error in 



standing f o r  rudder. 

i n  i t s  corresponding channel. 

Each e r r o r  w i l l  be used t o  a d j m t  the  loop gain 

More convenient expressions f o r  t h e  errors  a r e  i n  terms of the  

system servo e r ro r s ,  

def lec t ions ,  6% and fjrm. 

and Kymaccm between Eq 12 and 15. Notice t h a t  ac = [ (s  + 1.5)/(s + 15.)p!. 
The r e s u l t  is :  

- @) and (acC - ac),  and the  model con t ro l  

%@c m These a r e  obtained by el iminat ing 

ea = - @) K b  - 6,, 

These equations are the  mechanizat ionalbasis  f o r  the system and we 

s h a l l  r e t - a n  tc;  them l a t e r .  

S'PABILITY CHARACTERIS!i'lCS AND GAIN ADJUSrmENT LAW 

I 

b 

Always v i t a l l y  important as a performance ind ica tor  i s  the  s t a b i l i t y  

of a system. The c r u c i a l  underlying design p r inc ip l e  i n  our e f f o r t  i s  

t o  seek a system whicn i s  s t ab le  under reasonably defined i d e a l  

conditions.  This has been accomplished. Notice t h a t  from the  synthesis  

point  of view, system s t a b i l i t y  r a t h e r  than sa t i s fac t icm of some 

c r i t e r i o n  function i s  the  prime objective.  

obtained we s h a l l  then seek the c r i t e r ion  funct ion implied as a matter 

of cu r ios i ty .  

conditions" u n t i l  t he  equations a r e  set down. 

A f t e r  a s t a b l e  design is  

We s h a l l  defer  e laborat ing upon "reasonably defined i d e a l  

The f irst  s t e p  i s  t o  develop expressions f o r  the  e r r o r s  i n  terms of 

parameters differences.  

equations ( see  Fig.  1 ) :  

Subtracting from Eq 16 the  system feedback 
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and defining the gain-differences,  

resu l t s  i n  the following e r r o r  equations: 

The next s t e p  i s  t o  def ine the  rules by which gain changes will be made. 

The gain adjustment l a w s  are defined as: 
‘c 

where A+ and Ay a r e  pos i t i ve  constants.  

gains. 

laws a re ,  

They a re  the adaptive loop 

I n  terms of the  gain-differences defined by Eq 18 the adjustment 

since and Kym a re  constants.  

By subs t i t u t ing  Eq 19 i n t o  Eq 21 we obtain 



where : 

Equations 22 are f i rs t  order d i f f e r e n t i a l  equations w i t h  time 

varying gains  and forcing funct ions given by Eq 23. 
dynamic response of the  adaptive loops. 

They descr ibe the  

Equations 22 ind ica te  t h a t  the  adaptive system i s  s t a b l e  i n  the  

sense t h a t  f o r  f@ and f y  equal  t o  zero, AK,+ and OKy as functions of time 
approach zero monotonically. 

varying gains  i n  the  homogeneous equations are always non-positive. 

That is, f o r  example i n  the  AK,$ equation, the term [-Acp($, - @)*I i s  

e i t h e r  a negative number or, a t  worst, zero. Thus when f *  and f are 

This follows from the  f a c t  t h a t  the  t i m e  

cp Y 
? i d e n t i c a l l y  zero, and My cannot diverge. 

I n  addi t ion  t o  these favorable s t a b i l i t y  feEtures,  t he re  i s  another 
a important a t t r i b u t e  of t he  system. The adjustable gains  are uncoupled. 

An o f f s e t  i n  one gain will not r e s u l t  i n  a t r a n s i e n t  disturbance of 

t he  other  gain when f@ and f y  are zero. 

adaptive systems have of ten  suffered from coupling which, with 

increasing adjustment gain, general ly  tends t o  cause o s c i l l a t o r y  behavior. 

Tradi t ional  multi-parameter 

Now we must examine what conditions are implied by f @  and f y  equal  

t o  zero. These conditions w i l l  i n  f a c t  be those "reasonably defined 

i d e a l  conditions" mentioned a t  the  beginning of t he  subsection. 

t h e  conditions a r e  ac tua l ly  requirements for  v a l i d i t y  of our conclusions 

on s t a b i l i t y .  Notice t ha t  f,$ and f y  a r e  zero over a l l  t i m e  i f  and only 

if (@c - @) or  (8% - 6,) and (acC - ac) o r  (tjrm - tjr) r espec t ive ly  

are zero over a1-1 t i m e .  

i s  zero, t h e  following observations hold: 

Hence 

When a servo error, ( $c - 4) and/or (acc - ac) , 

The system output quant i ty  re la ted t o  the servo 
e r r o r  which is  zero is  exac t ly  equal t o  the 
commanded quant i ty  
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0 When a servo e r r o r  i s  zero the r a t e  of change 
of the corresponding adaptive gain i s  zero. 
See Eq 20. 

The f i r s t  observation above leads t o  the  conclusion t h a t  i f  a servo 

error i s  zero f o r  a l l  time the re  i s  no need f o r  adaptive ac t ion  i n  

that  channel. The second observation leads t o  the  conclusion t h a t  i f  

a servo e r r o r  i s  zero f o r  a l l  time, indeed, t he re  w i l l  be no adaptive 

action i n  t h a t  channel. This then cons t i t u t e s  a t r i v i a l  case.  The 

a l te rna t ive  way f o r  f +  o r  fy  t o  be zero i s  f o r  (8% - Sa) or (8rm - 8,) 

respectively t o  be zero. If f@ and f y  a re  t o  be zero over a l l  time i n  

the non- t r iv i a l  case, (6% - Sa) and (6 rm - 6,) must be zero over a l l  
time except a t  i so la ted  in s t an t s  when a servo e r r o r  i s  zero. 

for (8% - sa) and (Srm - S r )  t o  be zero f o r  a l l  time a r e :  

Conditions 

No vehicle-vehicle model mismatch. Stated another 
way the vehicle  and the  vehicle  model must have 
prec ise ly  the same t r a n s f e r  funct ions and 

The i n i t i a l  conditions on the  corresponding vehicle  
and vehicle  model var iab les  must be the sameand 

No disturbance inputs may a c t  on t h e  vehicle .  

While these r e s t r i c t i v e  a s s u q t i o n s  a r e  severe,  the  s t a b i l i t y  f o r  t h i s  

spec ia l  case of Eq 22 i s  a most g ra t i fy ing  and important cha rac t e r i s t i c .  

This spec ia l  case of Eq 22 provides a f i r m  and a t t r a c t i v e  t h e o r e t i c a l  

basis  for adaptive system operation. 

Let us consider the s t a b i l i t y  of the e r r o r s  e a  and e r  under the  
same r e s t r i c t i v e  assumptions. Equations 19 become 



Clearly these e r ro r s  are always asymptotically s t a b l e  t o  zero s ince  

e i t h e r  

0 AK( 
LX( goes t o  a constant value by v i r t u e  of 

Eq 22. This implies t ha t  the servo 
e r r o r  is  zero s ince  otherwise LK would 

goes t o  zero by v i r tue  of Eq 22, o r  

approach zero. 0 

Under these assumptions, if the gain adjustment l a w  given by Eq 20 

is  a s teepes t  descent l a w ,  t he  c r i t e r i o n  being s a t i s f i e d  ( t o  within 

an a rb i t r a ry ,  mul t ip l ica t ive ,  pos i t ive  constant)  i s  : 

? 
That t h i s  i s  so  can be ve r i f i ed  by computing aJ/a@K+ and aJ/d@Ky using 

E q  24 and noting t h a t :  
n 

Certain observations can now be made about s t a b i l i t y  f o r  the more 

general  case of Eq 22 when the  forcing terms a r e  not zero. 

a l l ,  f o r  a w e l l  chosen model; one which i s  a reasonably c lose  

approximation t o  the vehicle  i n  the regime of f l i g h t  being considered, 

the  forcing terms w i l l  be small i n  the absence of disturbance inputs .  

This conclusion follows from the f a c t  t h a t  each forcing t e r m  contains a 

f a c t o r  ( 6 ( ) m  - 6( ) )  which becomes vanishingly small as the  model and 

the  p l an t  become the  same. Nevertheless, t he re  w i l l  a c t u a l l y  be some 

small amount of forc ing  due t o  t h i s  mismatch, and the ad jus t ing  gains  

w i l l  accordingly be perturbed. A s  a matter of f a c t ,  t h i s  same e f f e c t  

will also cause a small amount of cross-coupling between gains  through 

the  forc ing  terms. 

be troublesome. 

F i r s t  of 

Neither of these non-ideal e f f e c t s  i s  expected t o  



Next we s h a l l  write some equations t o  express these qua l i t a t ive  

observations. 

(Srm - 6,) i n  Eq 22 i n  terms of the  servo errors,  disturbance input 

and t ransfer  functions for the  vehicle  and vehicle  model. From Eq 1 ,  2, 

The approach will be t o  express (6% - Sa) and 

13 and 18: 

t [ -k  denotes the  Laplace transform of the  time domain quant i ty ,  [ - 1 .  
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Substitution of Eq 23 and 27 into Eq 22 gives: 

u 
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+Notice t h a t  Eq 28 are t i m e  domain equations.  
inverse La l ace  transform of the  frequency domain 
quantity, f .  1. 

[ - denotes the  
L-' 



Next we s h a l l  discuss  the  s ignif icance of t h e  terms on the  RHS of 

Eq 28. 

same. 

The s ignif icance of l i k e  numbered terms i n  each equation i s  the  

Term @ i s  the  p r inc ipa l  term. When no control led element 

mismatch e x i s t s ,  the  f ac to r  contained by t h e  vinculum is  uni ty ,  and 

the coef f ic ien t  of AK( ) i s  non-positive. 

t h i s  f a c t o r  tends t o  cons is t  of pole-zero dipoles .  

When mismatch i s  

Term @ i s  a gain-difference cross-coupling t e r m .  When no 

control led element mismatch e x i s t s ,  the f a c t o r  contained by the  

vinculum i s  zero, and the  cross-coupling vanishes. When mismatch is  

"small", the  numerator polynomial coef f ic ien ts  of t h i s  f a c t o r  tend t o  

be " s m a l l " .  
cross-coupling e f f ec t .  

This term represents  a controlled element mismatch 

Terms @ and @ a r e  control led element mismatch forcing e f f e c t s .  

When no control led element mismatch exis ts ,  these forcing terms vanish 

by v i r t u e  of the  values assumed by the f a c t o r s  contained by vincula  as 

discussed i n  connection with terms 1 and 2 . 0 0  
Term 1 3  i s  a disturbance input  forcing e f f e c t .  When no control led 

element mismatch e x i s t s ,  the f a c t o r  contained by the vinculum becomes 
a" 

d8r a r 

11 

the  r a t i o  of coupling numerators, NpY/Nx gy f o r  t he  &$ equation, and 

Ngady/Nga$; @ a" f o r  the  GY equation. 

The above observations lead t o  the qua l i t a t ive  conclusions t h a t  

cont ro l led  element mismatch and disturbance inputs  can each be expected 

t o  provide both steady and t r a n s i e n t  forcing of the  AK( ) responses. 

The question of s t a b i l i t y  of the aK( 
most general  case. 

responses remains open f o r  the 

MECHANIZING TME SYSTEM 

With the  t h e o r e t i c a l  development of the  adaptive system accomplished, 

we a r e  faced with the  t a sk  of ident i fying ways f o r  r ea l i z ing  the  system 

within the  l imi t a t ions  of physical  devices. The mechanizational bas i s  

23 



f o r  the adaptive system i s  given by the  equations below. 

These equations a re  qui te  similar t o  Eq 16 and 20. 

tha t  s t a r r ed  quant i t ies  are used i n  Eq 29 and 30. The s t a r r ed  

quant i t ies  are obtained by passing the corresponding unstarred 

quant i t ies  through high frequency cut-off f i l t e r s  with t r a n s f e r  

functions, F ( s ) .  

f i l t e r i n g  i n  p r a c t i c a l  mechanization apparent. 

The exception is  

Subsequent discussion w i l l  make the  need f o r  t h i s  

Examination of E q  29 and 30 shows t h a t  as ide from the  s igna ls  

avai lable  i n  the  system, 

6% and 6 

vehicle sensors,  Cp and with t r a n s f e r  funct ions represent ing the  

mathematical inverse of the  vehicle  model. Refer t o  Eq 13. The 

problem here i s  t o  r e a l i z e  these t r a n s f e r  functions.  

- @) and (acc - ac), we w i l l  a l so  require  

These a re  generated by f i l t e r i n g  the  outputs of the  *m' 

a;: 

Below,we w i l l  show how t h i s  may be accomplished with a s ingle  

f i l t e r .  

and A-5 presented i n  Appendix A. 

equations as they pe r t a in  t o  the  vehic le  m o d e l .  Cer ta in approxima- 

t ions can be made i n  the model f o r  the sake of s impl ic i ty .  

(Ix + Ysr/N&), $, $, N i  and N$ can be se t  t o  zero. 

t o  zero i n  t h e  s i d e s l i p  equation b u t  not i n  the l a t e r a l  acce le ra t ion  

equation.* 

Consider t he  vehicle  equations of motion, Eq A - I ,  A-2, A-4 
Here we w i l l  be discussing these  

Namely, 8, 

YE, can be se t  

The term (g/VTo)cos 8,(p is  set  t o  zero i n  the  s i d e s l i p  

fYv could a l s o  be set t o  zero in so fa r  as the accuracy of t he  
approximations is  concerned. We r e t a i n  it here s o  t h a t  the  roots  of 

(N&z)m w i l l  have a pos i t i ve  damping r a t i o .  



equation. 

by lxo = -Ys$$,,. 
negl ig ib le .  I n  f a c t ,  if we make similar approximations i n  the  

vehicle  equations, t h e  shor t  t e r m  time responses are imperceptably 

changed. 

exception of (g/VTo)cos eoCp approximation e f f e c t .  A l l  t he se  con- 

s idera t ions  can be combined t o  wr i te  the equations of motion for 
the  model as 

For s impl ic i ty  i n  the model equations, approximate 1, 

The e f f ec t s  of all these approximations are 

This is  a l s o  t rue  f o r  t he  long term responses with the 

0 0 

The polynomials which form the  t r ans fe r  functions i n  E q  I3 are r e l a t ed  

t o  Eq 31 i n  following ways. 

f o r  the  coupling numerator we f i nd :  

U s i n g  Cramer's rule and its counterpart  

-Li S 0 
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-v Y To v 
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0 

0 

0 

1 

tl 

m 

m 

Considered together  w i t h  Eq 13 these  determinants imply the  equations 

f o r  mechanizing the  f i l t e r  for generat ing 6 

We can write down a s e t  of equations having the same t r a n s f e r  functions 

as Eq I 3  by inspect ion of the  above determinants. 

a r e  applying Cramer's r u l e  i n  reverse  i n  t h i s  l l i n ~ p e c t i o n l '  process. 

and 6 a?n rm from @ and 5. 

I n  a c t u a l  f a c t ,  w e  
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x3 

m I 'r 
S 0 

0 0 I 0 - m  

(37)  

This f i l t e r  i s  only second order and may be mechanized qui te  simply 

using opera t iona l  elements. 

a lgebraic  loops i n  E q  37 a r e  eliminated is shown i n  Fig. 2. The values 

of t he  coe f f i c i en t s  f o r  Fig. 2 a re  given i n  Table I. Notice i n  Fig. 2 

t h a t  t he re  i s  an implied requirement that  we either measure $ or  

ca lcu la te  @ by d i f f e r e n t i a t i n g  $. Neither a l t e rna t ive  is r e a l l y  

acceptable. 

t o  ob ta in  ?* from ?p and i n s e r t  a cut-off f i l t e r  i n  a l l  t h e  o ther  

input paths  t o  compensate f o r  t he  cha rac t e r i s t i c s  of the  d i f f e r e n t i a t i n g  

f i l t e r .  

is, i f  the pseudo-differentiator has a t r ans fe r  funct ion ( s / T ) / ( s  + 1/T) 

then F ( s )  w i l l  contain the  f ac to r  (I/T)/(s + I /T ) .  

have neglected the  f l i g h t  cont ro l  servo dynamics. 

servo dynamics w i l l  in terpose between the gains, K@ and %, and the  

con t ro l  surface def lec t ions  6a and 6, respectively.  

We could include the f l i g h t  cont ro l  servo dynamics with the vehicle  

The mechanization r e su l t i ng  after the  

We can g e t  arotmd th i s  poin t  by using a pseudo-different ia tor  

This amounts t o  specifying p a r t  of the  f i l t e r ,  F(s ) .  That 

To t h i s  point ,  we 

It i s  c l e a r  t h a t  the  

Refer t o  Fig.  1. 
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TABLE I 

FILTER COEFFICIENTS 

A1 

R1 

X1 

x2 

equations of motion by c a l l i n g  the servo commands 6, and 6 ,  instead 

of servo outputs.  We could then proceed i n  a rout ine fashion t o  

ca l cu la t e  the f i l t e r  equations e t c .  We would f ind ,  however, t h a t  more 

d i f f e r e n t i a t i o n s  would be required t o  generate inputs f o r  the  f i l t e r .  

Ultimately pseudo-differentiations would. be employed f o r  p r a c t i c a l  

reasons. Therefore, it i s  use fu l  t o  shor t -c i rcu i t  t h i s  process by 

noting t h a t  t h e  f l i g h t  con t ro l  servos ac t  i n  the  same manner as 

f a c t o r s  of F ( s )  operating upon $I and a;. 

f ac to r s  i n  the  F(s) operating upon 

preserve the  r e l a t ionsh ip  of Eq 29. 
con t ro l  servos have the  same t r a n s f e r  function, 2’3/ (s  + 25),and i f  we 

take 1/T i n  the  pseudo-differentiator t o  be l?.O/sec., the  following 

By merely placing similar 

- @) and (acC - a,) we can 

If we assume t h a t  both f l i g h t  
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equations will hold: 

tp (40) 
15.s 

s + 15. 
tp'c = 

'* = {s + 15. tp) 
15*  (41 

The braces on the RHS of Eq 41 and 42 a re  t o  c a l l  a t t e n t i o n  t o  the * 
f a c t  that  these s igna l s  are generated i n  the  f i l t e r s  f o r  obtaining $' 
from 0, and ac from % respect ively.  I n  t h e  l a t t e r  case, we can now 

see a very modest s impl i f ica t ion  was  afforded by choosing the t i m e  

constant of t he  pseudo-different ia tor  equal  t o  t h a t  f o r  t he  feedback 

compensation pole. 

If it i s  necessary t o  include sensor dynamic e f f e c t s  or add i t iona l  

s ignal  conditioning f i l ters ,  these may be included i n  a manner similar 

t o  t h a t  f o r  including the f l i g h t  con t ro l  servo dynamics. 

caution i s  i n  order, however. The t h e o r e t i c a l  treatment of system 

s t a b i l i t y  given e a r l i e r  assumes throughout t ha t  F( s) f 1.  

deviations from t h i s ,  p a r t i c u l a r l y  those which w i l l  introduce 

appreciable l a g  within the  bandwidth of t he  augmented vehicle ,  might 

cause i n s t a b i l i t y  of the  adapting gains  when the adaptive loop gains,  

A,$ and Ay, a r e  a t  very high values.  

A word of 

Any 

A t  t h i s  point ,  we sha l l  summarize the  adaptive system mechanization 

t o  s e t  the s tage f o r  discussion of t he  system simulation i n  Section 111. 

The adaptive system is  mechanization shown i n  Fig.  3. It i s  worthwhile 

. 
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t o  remark here t ha t  the  amount of equipment required t o  mechanize t h i s  

adaptive system i s  indeed modest. Consider t h a t  the  equipment spanned 

by arrow A i n  Fig. 3 i s  required f o r  any system i n  which gains are 

adjusted, as f o r  example, i n  an a i r  da t a  scheduled system. The equipment 

spanned by arrow B i n  Fig. 3 i s  s p e c i f i c a l l y  f o r  the  adaptive cont ro l  

function mechanization. Required a re  two e l ec t ron ic  mult ipl icat ions,  

t w o  second order f i l t e r s  with r e a l  poles and one t h i r d  order f i l t e r .  

These r e l a t i v e l y  modest equipment requirements f o r  t he  adaptive 

control  funct ion mechanization are remarkable considering the  breadth 

of capab i l i t i e s  f o r  which the  system i s  designed, and i n  cont ras t  t o  

the amount of equipment required f o r  some e a r l i e r  adaptive system 

designs. (See f o r  example, R e f .  3, 10 and 13 through 15, each of 

which must be regarded as a competent and successful  e f f o r t . )  
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SEC!I?ION III 

We present  here the  results of a simulation e f f o r t  t o  demonstrate 

t he  performance of the adaptive cont ro l  function system described i n  

Section II. The nature of the ga in  adjustment, t h a t  is ,  speed a d  

s t a b i l i t y  (tendency toward osc i l l a t ion ) ,  as w e l l  as s e n s i t i v i t y  t o  

various disturbances,  such as mismatch and gus ts ,  are t h e  items of most 

general  i n t e r e s t .  But, r e a l i s t i c a l l y ,  and ul t imately,  performance 

assessment m u s t  dea l  with the a b i l i t y  of the adaptive system t o  cope 

with the problems f o r  which i ts  use is spec i f i ca l ly  intended. 

Our viewpoint i n  this study is  t o  demonstrate a new adaptive method 

i n  t h e  context of a p a r t i c u l a r  cont ro l  task. That t a s k  i s  the t i m e  

varying augmentation of the  lateral motions of a manned, l i f t ing-body,  

en t ry  vehic le  during a c r i t i c a l  segment of its mission. The vehicle  i s  

a hypothet ical  one which exhib i t s  a var ie ty  of handling qua l i ty  

problems. 

adaptive augmentation f o r  t h e i r  correction. For instance,  the  roll 

damping def ic iency of the bare  airframe may be remedied with a f ixed  

gaizl roll d w e r  . 
be solved without resor t ing  t o  t i m e  varying gains  i n  the  multiloop 

augmenter as has al ready been demonstrated. We show i n  t h i s  Section, 

not  merely t h a t  t h e  gains can be changed automatically,  bu t  a lso,  and 

more importantly, t h a t  the r a t iona le  f o r  constructing t h e  system i s  

leg i t imate .  

r 

Some of the d i f f i c u l t i e s  do not s p e c i f i c a l l y  depend on 

The averall handling qual i ty  problem cannot, however, 

I n  attempting t o  va l ida t e  the adaptive cont ro l  funct ion concept 

we face a c e r t a i n  d i f f i c u l t y :  the  system 5s non-linear. Analysis 

presented i n  Section I1 goes a long way toward solving t h e  non-linear 

equations but ,  not surpr is ingly,  a general  so lu t ion  evades us. The 

simulation e f f o r t  i s ,  therefore,  more than  a means t o  communicate the  

r e s u l t s  i n  a widely appreciated format. 

and s t rengthen the  ana ly t i ca l  r e s u l t s  where exact mathematical so lu t ions  

It a l s o  serves  t o  extend 
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not unavailable.  

(vehicle model not equal  t o  vehicle)  i s  present ,  simulation i s  needed 

t o  support t he  ana ly t i ca l  r e s u l t s .  

Spec i f ica l ly  i n  the  important case when mismatch 

Figures 1 and 3 i n  Section I1 have shown block d iagram of the  

system and have defined symbols. 

of the adaptive system and the  handling q u a l i t i e s  problems with which 

we are dealing. Appendix A descr ibes  the vehicle  and the  r e s u l t s  of 

SAS configuration surveys. Reference 16 also provides t h i s  information. 

Appendix C gives the d e t a i l s  of the simulation. Some readers  may p re fe r  

t o  review t h a t  Appendix before reading t h i s  Section. 

here, summarizes the adaptive l a t e r a l  SAS configuration which is evolved 

i n  the other  Sections of t h i s  repor t  c i t e d  above. 

The t e x t  descr ibes  both the  fea tures  

Figure 4, presented 

ADPSTLVE SYSTEM OPERATION 

Attent ion w i l l  be focused, f o r  t h e  moment, on f ixed f l i g h t  

conditions. 

the model of t he  vehicle  has been se lec ted  t o  be very near ly  the  

same as the  vehicle  i tsel f  a t  t h i s  time of f l i g h t .  Some obviously 

accurate simplifying assumptions: %, Lr, Np and Nr = 0, have been 

made i n  implementing the model and, i n  addi t ion,  an a r t i f i c a l l y  la rge  

side force due t o  s i d e s l i p ,  YB, has been employed t o  improve the  

model* cha rac t e r i s t i c s .  

(Nsas?) s i n g u l a r i t i e s .  

implemented. 

F l igh t  condition 81 0 i s  e spec ia l ly  important because 

1 1 1  1 

YB provides damping of t h e  coupling numerator 
$ a'' These are the  poles of the  model as it i s  

A t  f l i g h t  condition 81 0, the  ana lys i s  proves asymptotic s t a b i l i t y  

when only command inputs  e x i s t .  If the  adaptive system f a i l e d  t o  

achieve the  " ideal"  performance predicted by the  theory i n  t h i s  

no-mismatch s i tua t ion ,  one would hold l i t t l e  hope tha t  s a t i s f a c t o r y  

operation could be obtained i n  the  presence of mismatch. 

V 

t"Mode1" i n  Section I11 w i l l  be used t o  mean "inverse of the MLFJ 
model" f o r  sake of brev i ty .  
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Par t  a of Fig. 5 shows the responses of the  system t o  a square wave 

roll r a t e  command f o r  t he  no-mismatch case. The roll r a t e  response is  

excellent.  The adaptive s t a b i l i t y  augmentation system gains,  and Ky, 

a re  i n i t i a l l y  set  a t  the  same value chosen f o r  the  model. It is observed 

tha t  (adapt ively)  t he  gains  p re fe r  a s l i g h t l y  higher value.  

because of the small differences between the model and the vehicle .  

(See above.) 

tha t  the  adaptive system provides a valuable funct ion here, t h a t  is, 

it might compensate f o r  unknown deviat ions from the  mathematical model 

of the system. 

This is 

While the  o f f s e t  cor rec t ion  i s  small it i s  worth noting 

One of the f i r s t  questions resolved by the  simulation w a s  the  

e f fec t  of including the  primary lateral p i lo t ing  task ,  con t ro l  of bank 

angle w i t h  a i leron.  

not account f o r  the  presence of t h i s  ou ter  loop. An ana lys i s  showed 

tha t  the  p i l o t  loop did introduce addi t iona l  terms i n t o  the  adaptive 

system s t a b i l i t y  equations but  t h a t  these were not  expected t o  have a 

deleter ious e f f e c t .  This i s  the  case, as i s  shown by comparing P a r t s  

a and b of Fig. 5 .  The gain responses f o r  the  two cases are very 

nearly iden t i ca l .  

o r  absence of t he  p i l o t  loop closure made more than a minor d i f fe rence  

i n  adaptation. 

included. 

Recal l  t h a t  t he  system design (Section 11) d i d  

No s i tua t ions  were encountered where the  presence 

I n  all the  cases which follow, the p i l o t  c losure i s  

W e  have already reached the  conclusion t h a t  when the gains  are 

i n i t i a l l y  very near t h e i r  optimum or  desired values the  adaptive process 

i s  wel l  behaved. Figure 6 shows the  gain responses f o r  a l l  combinations 

of large,  high and low, i n i t i a l  o f f s e t s .  

roughly 5O$ of the  cor rec t  values f o r  each gain.  

gains change toward t h e i r  desired values.  The adaptive process performs 

the function we des i r e .  More than t h a t  can be sa id .  It i s  p a r t i c u l a r l y  

noteworthy that the  ga in  adjustments are uncoupled. That i s  t o  say, an 

error i n  the i n i t i a l  value of only one gain does not result i n  a 

The o f f s e t  magnitudes are 

I n  each case the  
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readjustment of the other,  co r rec t ly  set ,  gain.  

Figure 6 labeled,  "One-at-a-time offsets ."  

des i rab le  s i t u a t i o n  s ince the  p o s s i b i l i t y  of  "ping-popg" adaptat ion 

i s  circumvented. This phenomenon has been responsible,  at l e a s t  i n  

pa r t ,  f o r  disqual i fying c e r t a i n  adaptive schemes as candidates 

f o r  a c t u a l  appl ica t ion  i n  aerospace vehicles. 

See the  port ion of 

This i s  indeed a most 

The adaptive loop gains  used t o  generate the  SAS ga in  responses 

shown i n  Fig. 6 are those which optimize the real  f l i g h t  time s i tua t ion .  

They can, however, as the  analysis  predicts ,  be made much l a r g e r  f o r  

t h i s  p a r t i c u l a r  input and f l i g h t  condition. 

conditions,  where there  is subs t an t i a l  mismatch between the  vehicle  

and the  vehicle  model, only s l i g h t l y  higher gains may be employed. 

Figure 7 shows one of the adaptive gains,  K,$, responding from a low 

i n i t i a l  value when the  same square wave roll angle command used 

previously i s  impressed upon the system. Two f i i g h t  conditions a r e  

shown, 810 and 790. 
gains  are shown, the nominal gain and t e n  times the  nominal gain.  

For the nominal adaptive loop gain the responses are qui te  s a t i s f ac to ry ,  

converging n ice ly  t o  t h e  optimum value i n  each case. When, however, 

t h e  ada2tive loop gain i s  increased by a f ac to r  of t e n  (20 dB),  an 

o s c i l l a t o r y  response occurs. 

o s c i l l a t i o n  i s  small and reasonably wel l  damped. 

m u s t  be a t t r i b u t e d  t o  non-ideal e f f e c t s  i n  the s imulat ion.)  

But a t  o ther  f l i g h t  

* 

I n  each case the  responses f o r  two adaptive loop 

A t  t he  810 f l i g h t  condi t ion the  

(The o s c i l l a t i o n  here 

A t  condition 790 t h e  o s c i l l a t i o n  i s  much more severe.  It would not 

be unfair t o  charac te r ize  the  adaptive system as marginally s t a b l e  i n  
t h i s  case s ince  t h e  ga in  K;p appears t o  limit cycle between two l eve l s .  

As  it happens, however, t he  system responses are e n t i r e l y  sa t i s f ac to ry ,  

and, i n  f a c t ,  are hardly dis t inquishable  from those which occur a t  

condi t ion 810. F'urther it m u s t  be pointed out t h a t  a more r e a l i s t i c  

input ,  one with g r e a t e r  frequency content, was  observed t o  produce a 

smooth, monotonic ga in  function which converged, i n  t i m e ,  t o  t he  
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optimum value. 

t he  form of the gain response. Thus, i n  more ways than one, the  

s i t u a t i o n  a t  f l i g h t  condition 790, depicted i n  Fig. 7 is a b i t  contrived. 

O u r  i n t e n t  i s  t o  show, as the  reader  m u s t  suspect,  t h a t  there  are 

combinations of f l i g h t  condition,input spectrum,ini t ia l  gain o f f s e t  

and adaptive loop gain f o r  which adaptive system performance may not 

be e n t i r e l y  sa t i s f ac to ry .  

conditions under which the adaptive system begins t o  misbehave are 

very,very far from those under which it w i l l ,  i n  a real s i tua t ion ,  be 
l i k e l y  t o  enCOUntF3. 

Also a smaller i n i t i a l  g a i n  o f f s e t  markedly improved 

It i s  comforting t o  f ind  out t h a t  t he  

v A t  the ou t se t  of t h i s  program the  c r i t i c a l  segment of t he  mission 

wiis d e t e r d n e d  t o  be 

second i n t e r v a l  which includes high supersonic through subsonic f l i g h t  

regimes, the  vehicle  dynamics vary very markedly. Among the  handling 

qua l i ty  def ic ienc ies  which a r i s e ,  e i t h e r  individual ly  or  simultaneously, 

are, as we have seen, low r o l l  damping, low rudder and a i l e ron  cont ro l  

effect iveness ,  the  p o s s i b i l i t y  of roll ra te  reversals i n  response t o  

a i l e ron  s t eps ,  r o l l  reversal(% < o), adverse rudder induced r o l l ,  

high Icp/fiI r a t i o  i n  the  dutch roll mode and unfavorable 4% r a t i o s .  

These problems are not all mutually exclusive. The s t a b i l i t y  aug- 

mentation system m u s t  improve many vehicle def ic ienc ies  i n  addi t ion  t o  

compensating f o r  cont ro l  effect iveness  var ia t ions.  

betweeo 620 m d  870 seconds. During th i s  250 

2 

Six  f l i g h t  conditions were se lec ted  from the  250 second mission 

segment s o  t h a t  surveys could be made t o  determine the  bes t  s t a b i l i t y  

augmnta t ion  system configuration (Ref. 16 and Appendix A of t h i s  

document). 

f l i g h t  t i m e s  are: 

d e a l t  with f l i g h t  condition 810, the case where the model of the  

vehicle  and the vehicle  are very near ly  ident ica l . )  

conditions are more c lose ly  spaced i n  the t ransonic  region where the 

"he f l i g h t  conditions as designated by the  corresponding 

630, 725, 810, 840, 830 and 865. (We have already 

The f l i g h t  
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s t a b i l i t y  der iva t ives  experience la rge  and rapid variaLions. Mach 1 .O 
f l i g h t  occurs between 840 and 850 see.  

P r io r  t o  725 see  the  cont ro l  effect ivenesses  are extremely low. 

Thus augmenter effect iveness  will be l imited.  Rate and pos i t ion  

l imit ing of t h e  cont ro l  surfaces  will occur nul l i fy ing  the  attempt t o  

compensate f o r  the  low con t ro l  effect ivenesses  w i t h  high augmenter 

gains. I n  prac t ice ,  reac t ion  controls  would be imperative during the  

early,  near zero dynamic pressure,  por t ion  of f l i g h t .  The adaptive 

technique might be used t o  blend the reac t ion  and aerodynamic surface 

control modes during the t r a n s i t i o n  from one t o  the other .  

I n  addi t ion  t o  the low cont ro l  e f fec t iveness  of both t h e  rudder 

and the  a i le rons ,  the  unaugmented vehicle  possesses troublesome 

dutch roll cha rac t e r i s t i c s  i n  the  e a r l y  por t ion  of the  reentry.  

Spec i f ica l ly  the  r a t i o  q / w  i s  lower than 0.7, the  value o f t en  used 

as the  lower bound on an acceptable %/md. 

of th i s  d i f f i c u l t y  i s  possible  because of the  absence of rudder 

control.  

r e a l  t i m e  da t a  sho r t ly  t o  be presented. 

Only p a r t i a l  cor rec t ion  

Thus, i nc ip i en t  roll rate reversa ls  will be apparent i n  the 

I n  consequence of the low cont ro l  e f fec t iveness  and the  exclusion 

of reac t ion  controls  from consideration i n  t h i s  study, the  adaptive 

gains would, i f  unconstrained, seek u n r e a l i s t i c a l l y  high l eve l s  during 

the e a r l y  segment of the f l i g h t .  To avoid t h i s  s i t ua t ion ,  l i m i t s  a r e  

imposed on each of the  adaptive gains .  

always be included i n  p rac t i ce . )  

simple manner. It employs a servo motor with tachometer feedback t o  

make it a c t  as an in tegra tor ,  a c lu tch  and a pot whose a r m ,  dr iven 

from the  clutch,  has stops t o  r e s t r a i n  i t s  motion. T h i s  scheme i s  

shown i n  the  sketch below along with the  corresponding e l e c t r i c a l  

analog which was  ac tua l ly  used i n  the  simulation. 

(Limits, of course, would 

The l imi t ing  is  implemented i n  a 
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725 sec  the co: n t r o l  effectivenesses go through 

limited E 

a 

l a rge  excursion. 

the t ransonic  f l i g h t  regime, 840 t o  830 sec. 

adapt h i s  ga in  t o  compensate f o r  l a rge  control e f fec t iveness  var ia t ions ,  

say by a f a c t o r  of 100, he p re fe r s  not  to .  He w i l l  ddwngrade h i s  r a t i n g  

of the  system as h i s  gain changes even though he can maintain good 

closed-loop control .  

of t h e  p a r t i c u l a r  system configuration which was se lec ted ,  t he  p i l o t ' s  

ga in  adaptat ion i s  minimized by the  action of t he  adaptive SAS gains .  

Their rates of change are p a r t i c u l a r l y  l a rge  during 

While the  p i l o t  can 

Present ly  it w i l l  be shown t h a t ,  i n  consequence 

With t h i s  background,the r e a l  t i m e  behavior of t he  adapt ively 

augmented MLFV can be discussed. 

encompasses the  e n t i r e  mission segment of i n t e r e s t .  The t i m e  s ca l e  

i s  necessar i ly  severely compressed so tha t  only a gross view of system 

response and parameter adjustment can be discerned. 

Figure 8 shows a 250 sec  run which 

The input  f o r  t h i s  run, shown i n  the  top t r ace ,  i s  a square wave 

bank angle command. No gust  disturbances are present .  The p i l o t ' s  
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loop is  closed a t  constant gain.  

of t he  input  i s  approximately one rad/sec. 

roll rate response. Three expanded excerpts from t h i s  t r a c e  are 

presented t o  show system cha rac t e r i s t i c s  a t  f l i g h t  conditions 630, 81 0 

and 865. 
behaved response a t  the  no-mismtch condition, 810, and the presumably 

acceptable response a t  865. 

The dominant frequency (fundamental) 

The second t r a c e  shows the  

Notice t h e  inc ip i en t  roll r a t e  reversa l  a t  630, t h e  very w e l l  

The t h i r d ,  fourth,  f i f t h  and s i x t h  t races  are: a i l e ron  cont ro l  

channel e r r o r ,  ea, rudder cont ro l  channel e r r o r ,  e,, a i l e ron  gain, q, 
and rudder gain,  Ky. 

f o r  higher gains  t o  compensate f o r  l o w  control  e f fec t iveness .  

condition 810 t h e  e r r o r s  are small and the gains  have decreased from 

t h e i r  limits and l i e  near the gains  specif ied by the  model; K@ = -1 .O 

and Ky = -.316. 
increase again during the f i n a l  20 sec  of f l i g h t .  

The e r r o r s  are i n i t i a l l y  l a rge  because of t he  need 

A t  f l i g h t  

The gains  then continue t o  decrease and f i n a l l y  
? 

The t i m e  h i s t o r i e s  of t he  gains  a re  not smooth i n  t h i s  case 

because of t he  s t e p  nature of the  command. 

i n  pa r t i cu la r ,  has l a rge  spikes superinrposed on a f a i r l y  smooth average 

cha rac t e r i s t i c .  It should be recognized, however, t ha t  the  square 

wave input ,  although it conveniently provides roll responses which can 

be e a s i l y  judged by eye, is obviously not z r e a l i s t i c  one. 

The rudder path gain, %, 

I n  Fig. 9 the  input  command is  a quasi-random time funct ion having 

an  approximately Gaussian amplitude d is t r ibu t ion .  

f o r  d e t a i l s . )  

Fig.  8. Again, t h e  e r r o r s  a re  i n i t i a l l y  la rge ,  very small at  f l i g h t  

condi t ion 810 (no mismatch) and then increase somewhat by the  end of 

t he  f l i g h t  segment of i n t e r e s t .  The gain t i m e  h i s t o r i e s  have approxi- 

mately the  same cha rac t e r i s t i c s  a lso,  being i n i t i a l l y  high, dropping 

down as the  con t ro l  effect ivenesses  increase and, f i n a l l y ,  increasing 

at the  end of t he  f l i g h t  segment. 

(See Appendix C 

Otherwise the  s i t u a t i o n  dupl icates  t he  one shown i n  

It i s  i n t e r e s t i n g  t o  compare the actual  ga in  t i m e  h i s t o r i e s  during 

the  f i n a l  minute of f l i g h t  with the desired ones infer red  from the  
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surveys. 

t races ,  dot ted curves which pass through the survey gain values 

indicated by the  diamond symbol. 

a handling qua l i t y  assessment and should n o t  necessar i ly  be taken t o  

be the  an t ic ipa ted  ac t ion  of t he  adaptive system. Nevertheless the  

correspondence between t h e  simulation r e s u l t  and the  results of t he  

surveys i s  remarkably good. Assuming t h a t  the surveys produced "optimum" 

ga in  schedules from a handling qua l i ty  viewpoint (which w a s  the  desired 

object ive,  bu t  w a s  admittedly only approximately accomplished) , 
it follows t h a t  t he  adaptive system tends t o  provide optimum handling 

qua l i t i e s .  The system performance objective has, therefore ,  been 

achieved. 

Again r e fe r r ing  t o  Fig.  9 we see overplotted on the  gain 

These values, however, were based on 

Returning f o r  a moment t o  the  important matter of cont ro l  e f f ec t ive -  
1 

ness, it may be shown t h a t  the  adaptive system provides a valuable 

function i n  t h i s  regard also.  It has been pointed out t ha t ,  while 

p i l o t s  can adapt t h e i r  gains  t o  compensate f o r  gain var ia t ions  of t h e  

control led element, they p re fe r  not t o .  Figure 10 shows comparisons 

between lLia l  and and between IN;,\ and lK$iirI. The object ive 

here i s  t o  ind ica te  t h a t  the  range of gain va r i a t ion  of the  unaugmented 

venicle  i s  considerably l a r g e r  than t h e  range of gain var ia t ion  of the  

vehicle  with adaptive augmentation. Lg, and Ng are taken as 
measures of bare  airframe gains and ea and K N are, of course, the 

corresponding gains when the  augmenter is  present  and the  p i l o t ' s  

inputs  a re  used as augmenter commands. The a i l e r o n  ga in  range i s  1 O : l  

without augmentation and about 3:l with augmentation. I n  the ( l e s s  

important) case of the  rudder path, t he  ranges are about 3.5:l without 

augmentation and 1 .3:l with augmentation. Hence, t he  suppression of 

gain va r i a t ion  e f f e c t s  is helpful ly  great ,  about 3:l i n  each case.  

I t 

3- 
Y 8, 

The last remaining i t e m  of concern is the  e f f e c t  on performance of 

including dis turbance inputs .  I n  t h i s  regard, c e r t a i n  l imi ta t ions  

were imposed on the  e f f o r t .  

only a l imi ted  amount of equipment was available f o r  i t s  implementation. 
A very simple gust  model was  used because 
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The gus t  cha rac t e r i s t i c s  were assumed invar ian t  throughout t he  

f l i g h t  segment considered. 

because of t h e  speed and a l t i t u d e  range through which the  vehicle  f l i e s .  

Nevertheless, t he  assumption is not necessarily unconservative, and 
therefore  does not place the  r e s u l t s  i n  question. 

This assumption i s  admittedly u n r e a l i s t i c  

The second l imi t a t ion  imposed by p rac t i ca l  considerations was 

t h a t  t he  disturbance input had t o  be correlated with the command input .  

The same input s igna l  generator was  used t o  produce the  fundamental 

component of both forcing functions.  Ideal ly ,  it would have been 

des i rab le  t o  generate an independent gust  disturbance, one which 

corresponded t o  known atmospheric turbulence models. 

Figure 1 1  shows the e f f ec t  on the  K,+ gain response of including 
c 

the  gus t  input .  

command and a quasi-random s ide  gus t ,  Pg. 
used previously.  

80 sec have been dropped from the  record since no i n t e r e s t i n g  infor -  

mation i s  l o s t  by doing s o  and a l s o  so  that  the  t i m e  s ca l e  may be 

expanded. 

Ky gain i s  a l s o  being adjusted adaptively.  

The system i s  forced by a square wave bank angle 
Both these  tine funct ions xere 

The tiIIle segment is  from 700 t o  870 sec. The first 

Only the  a i l e r o n  gain K+, i s  shown i n  Fig. 10 although the 

For t h e  purpose of comparison a second K,$ t r a c e  i s  shown i n  

Fig. 1 1  and i s  labeled "without gust  present." This gain time h i s to ry  

r e s u l t s  i n  response t o  t h e  appl icat ion of the same bank angle command 

but  without the  gust  disturbance input.  There i s  l i t t l e  difference i n  

the  gain funct ions.  Thus, f o r  the  disturbance used here,  near ly  

optimum handling qua l i t i e s ,  as previously defined, are s t i l l  maintained. 

A s  the  l e v e l  of disturbance is increased i n  r e l a t i o n  t o  the  command, 

the  gains tend toward higher values.  This is e n t i r e l y  proper from t h e  

viewpoint of minimizing the  a i l e ron  and rudder cont ro l  channel e r ro r s  as 

they are defined. The model does not include disturbance e f f ec t s  so  

tha t  the system attempts,  with high gain,  t o  suppress gus t  induced 

output motions. This i s  not a t  a l l  undesirable and, i n  f a c t ,  can be 
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thought of as motivating, i n  p a r t  a t  least, t he  use of adaptive 

s t a b i l i t y  augmentation. That i s ,  when and i f  a gusty environment is 

encountered, t he  adaptive system provides a means f o r  increasing the  

gus t  suppressing funct ion of the  SAS by ra i s ing  the  gain.  

turbulence subsides the  command-response t r ans fe r  funct ion character-  

i s t i c s  are automatically reoptimized with lower gains.  

o r  preprogrammed SAS configuration, t he  trade off  between gust  

suppression and command-response charac te r i s t ics  must be made ab i n i t i o .  

When, as might occur, the  two requirements lead t o  opposing con t ro l l e r  

spec i f ica t ions ,  the optimization i s  accomplished over the  ensemble 

When the  

I n  a f ixed  

c of an t ic ipa ted  gust  environments and leads t o  the  b e s t  average 
performance. An adaptive system, on the other hand, might be sa id  t o  

optimize performance f o r  p a r t i c u l a r  f l i g h t  environment. 

The importaot points  which have been made i n  t h i s  Section a r e :  

The gains  will adjus t  rap id ly  and i n  an 
uncoupled fashion and when the  vehicle and 
the  vehicle  zodel a r e  near ly  ident ica l .  

Mismatch, while somewhat bothersome f o r  very 
high adaptive gains,  i s  e a s i l y  accomodated f o r  
gains  appropriate  t o  the  real-time adaptive 
problem. 

The adaptive system provides near optimum 
handling q u a l i t i e s  as they were defined by the  
surveys. 

Disturbance inputs  do not degrade operation of 
t he  adaptive system. 



SECTION IV 

52 

S I M P L I F I C m O N  OF TRE SYSTEM 

A charge frequent ly  l e v e l e d . a t  adaptive systems i s  t h a t  they are 

overly complex. 

need f o r  t h e  adaptive fea ture  e x i s t s .  

have, f o r  som years,  been designed f o r  a l l  kinds of a i r c r a f t ,  and 

have operated successful ly ,  without the benef i t  of self -adjustment . 
Reference 17 perhaps provides t h e  only imperative j u s t i f i c a t i o n  f o r  

the adaptive fea ture  i n  f l i g h t  control .  Where the  need does e x i s t ,  

and i t  may be t h a t  the  manned l i f t ing-body problem is  one such 

application, t h e  complexity of t h e  proposed scheme ac tua l ly  seems 

modest i n  r e l a t i o n  t o  the r e su l t i ng  benef i t s .  Nevertheless, 

s implif icat ions a r e  always worth seeking. 

d i g i t a l  gain adjustment l og ic  as an a l t e r n a t i v e  t o  the  more complex 

analog gain adjustment log ic  which exac t ly  implements the  theory 

described ana ly t i ca l ly  i n  Section 11. The al l -analog system w a s ,  of 

course, the one invest igated experimentally with the  r e s u l t s  presented 

i n  Section 111. 

This seems t o  be espec ia l ly  t r u e  when no pressing 

S t a b i l i t y  augmentation systems 

One s impl i f ica t ion  might be 

The mul t ip l ie r  which weights the  e r r o r  s i g n a l  f o r  each adaptive 

gain provides the funct ion spec i f ied  by "X" i n  t he  general  gain 

ad jus tment e quat ion,  

where A 2 adaptive loop gain 

e = an e r r o r  s i g n a l  

ae/aK e t he  e r r o r  weighting 

h 

s i g n a l  f o r  the  gain K. 



c 

Equation 43 w i l l  be referred t o  as implementing the  analog adjustment 

l og ic  i n  d i s t i n c t i o n  t o  the  d i g i t a l  adjustment l og ic  t o  be discussed 

next. 

A ga in  adjustment l a w  of t he  form 

= A sgn (e 2)  (44) 

suggests i t se l f  as an a l t e r n a t i v e  t o  the analog adjustment l a w  given 

by Eq 43. 
defined by 

The symbol "sgn" ind ica tes  the signum funct ion which i s  

-1 x < o  

x > o  

(45) 

Equation (44) i s  re fer red  t o  as the  d i g i t a l  adjustment logic .  The 

gain rate, K, w i l l  be plus  o r  minus A depending on the s ign of the 

product, e x ae/aK and zero when e x ae/aK i s  zero. Thus, f o r  one 

thing,  t he  dependency of t he  gain r a t e  on input  magnitude is  removed. 

This i tsel f  might be a subs t an t i a l  advantage of t h e  scheme. But a 

marked mechanizational s impl i f ica t ion  also r e s u l t s  because of t he  

i d e n t i t y  

Thus it i s  not necessary t o  multiply e and ae/aK s ince  Eq 44 may now 

be wr i t t en  

3 = A sgn(e)sgn(ae/aK) (47) 

Now, t h e  "sgn" operator represents  an idea l  r e l ay  s o  t h a t  t h i s  ad jus t -  

ment r u l e  can be mechanized with electronic  switches ( f a s t  re lays)  

and AND gates .  

adjustment schemes. 

Figure 12 shows both the analog and the  d i g i t a l  ga in  

A t y p i c a l  e lectronic  ( quarter-square) mul t ip l i e r  
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i s  shown since high. bandwidth requirements d i c t a t e  i t s  use. The 

d i g i t a l  adjustment log ic  employs comparators t o  provide A/D conversion, 

AND ga tes  t o  provide log ic  operations,  and e l ec t ron ic  switches t o  

provide D/A conversion. 

required i n  the analog system whi l e  only one summation i s  required i n  

the d i g i t a l  scheme. 

logic i s  considerably simpler and therefore  probably more r e l i a b l e  than 

t h a t  needed f o r  the analog adjustment logic .  

Three sutnmations and two inversions a r e  

The hardware needed f o r  t he  d i g i t a l  adjustment 

I n  both mechanizational schemes some addi t iona l  l og ic  may be 

required f o r  p r a c t i c a l  reasons. F i r s t , th reshold  i s  needed t o  washout 

low l e v e l  d.c. s igna ls  which might otherwise tend t o  b i a s  the  gain i n  

one d i r ec t ion  o r  the  other .  It i s  a l s o  even l i k e l y ,  as we have seen, 

that ,  f o r  very high adaptive gains  a l i m i t  cycle w i l l  occur because of 

the closed loop nature of the adaptive scheme. I n  order t o  circumvent 

both these  p o s s i b i l i t i e s ,  threshold may be added t o  each scheme with 

two add i t iona l  comparators. 

The second addi t iona l  log ic  funct ion d i c t a t ed  by p r a c t i c a l  

considerations i s  f o r  l i m i t s  on the  range through which the  adapt ively 

s e t  gains can vary. 

i n  Section III.) 
(The necess i ty  f o r  an upper l i m i t  w a s  discussed 

MODIFICATION TO STABILITY ANALYSIS 

The f a c t  i s  c l e a r  t h a t  t he  ga in  adjustment l a w  given by Eq 47 
re su l t s  i n  a simpler system t o  mchanize.  

question is, "How does such s impl i f i ca t ion  a f f e c t  the s t a b i l i t y  of t he  

adapting gains  and the e r rors?"  

simplified gain adjustment l a w s  for our p a r t i c u l a r  example are : 

The important remaining 

W e  s h a l l  examine t h i s  point  here.  The 
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S t a b i l i t y  analysis  here, as before i n  Section 11, can be ca r r i ed  

out only under the  r e s t r i c t i o n s  t h a t  there  i s  no cont ro l led  element 

mismatch and t h a t  no disturbance inputs a r e  act ing.  

reduces t o  

Equation 48 then 

The above equations each are sbable, bu t  not asymptotically stable. 

That i s ,  @K$ and MY do not diverge because the rate of change of each 

OK i s  e i t h e r  i n  the d i r ec t ion  of t he  o r ig in  o r  i s  zero. 

This describes system s t a b i l i t y  i n  terms of the gain deviat ions.  

While t h i s  is one i n t e r e s t i n g  aspect of the  problem, there i s  another 

which concerns us equally.  

terms of t he  e r ro r s .  I n  addi t ion,  we would l i k e  t o  know what c r i t e r i o n  

i s  implied. 

tha t  Eq  49 represents  a s teepes t  descent l a w ,  i s :  

We are in t e re s t ed  i n  system s t a b i l i t y  i n  

It i s  easy t o  v e r i f y  t h a t  t he  c r i t e r i o n  implied, assuming 

This c r i t e r i o n  i s  a pos i t i ve  d e f i n i t e  funct ion of f a  and fr  where 

since 

f a  and fr have the  property t h a t  they vanish if and only i f  t h e  e r ro r s  

ea and e,, respect ively,  vanish. Thus the  c r i t e r i o n  is  s t i l l  one which 



i s  impl i c i t l y  a pos i t i ve  d e f i n i t e  function of the  e r ro r s .  

o ther  words, the goa l  f o r  system performance remains unchanged from 

the  case where J=(1/2)(A+ ea2 + Ay er2) was the c r i t e r i o n  as i n  

Sect ion 11. 

and fr) is  a t i m e  invar ian t  inverted pyramid. 

Stated i n  

The shape of t he  c r i t e r i o n  surface ( a s  a funct ion of fa 

See the sketch below. 

Constant 
J Contour 

Criterion Surface 

An add i t iona l  re la t ionship  is : 

This shows t h a t  J is  e i t h e r  always decreasing a t  a f i n i t e  rate towards i t s  

lower bound, zero, o r  t h a t  J is zero. 

J will reach zero i n  a f i n i t e  time interval .  

when J = 0, and the e r ro r s  ea  and e, vanish wi th  fa and f, we are 

assured t h a t  the  e r r o r s  are asymptotically stable and t h a t  they will 
converge t o  zero values. 

Thus i f  LX+ and Xy are f i n i t e ,  

Since fa and fr vanish 
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When controlled element mismat.ch and/or disturbance inputs  a re  

acting, the s t a b i l i t y  ana lys i s  f o r  t h i s  s implif ied system i s  considerably 

complicated. This i s  even more s o  than i n  the case t r ea t ed  i n  

Section 11. 

simplified system m u s t  be obtained experimentally. 

Further conclusions with respect  t o  the  s t a b i l i t y  of t h i s  

m e  above discussion t r e a t s  the  exact behavior of der iva t ives  

of t h e  s g n ( - )  function when ( 0 )  = 0 r a t h e r  cava l ie r ly .  

unimportant as a p r a c t i c a l  matter, however, because the  sgn( ) 
function we have used i s  hardly an accurate model of an a c t u a l  

e lectronic  switch or r e l ay  i n  the  close v i c i n i t y  of zeros of the 

switching function i n  any case. What is  important i s  t h a t  the  above 

equations do accurately descr ibe the  physical  r ea l i za t ion  of the gain 

adjustment l a w  outside the  region of non-ideal equipment e f f e c t s .  

T h i s  d e t a i l  i s  

Some o ther  observations are i n  order.  It seems c l e a r  t h a t  t h e  

adaptive gains may tend t o  have a l i m i t  cycle about po in t  AK+ = My = 0, 

and may tend t o  cha t t e r  about t h e  l i n e s  CQp = 0 and @Ky = 0. 

frequency and amplitude would be expected t o  be respec t ive ly  i n f i n i t e  

and zero , i n  theory. Actually,  s m a l l  l ags  introduced by non-ideal 

e f f ec t s  i n  equipment, the  f i l t e rs  necessary i n  r ea l i za t ion ,  and 

imperfect knowledge of t he  control led element equations may produce a 

high but  f i n i t e  frequency limit cycle or cha t t e r  mode of low amplitude. 

This mode of behavior may o r  may not be unacceptable i f  it appears. 

It did not appear prominently i n  the simulation records t o  be discussed 

next. 

The 

SlMJLATION RESULTS 

The d i g i t a l  adjustment l a w  w a s  implemented i n  the  a i l e ron  channel 

only,for the  purpose of demonstrating i t s  capab i l i t i e s .  A number of 

experiments were car r ied  out and t h e  key results w i l l  folLow some b r i e f  

prefatory remarks. 

Unfortunately, the simulation d id  not correspond p rec i se ly  with 

the t h e o r e t i c a l  development j u s t  given because we a i d  not have enough 



analog equipment ava i lab le .  Our objective was t o  show the  f e a s i b i l i t y  

of the  concept r a t h e r  than t o  evolve a f i n a l  form for i t s  implementation, 

and, with t h i s  i n  mind, c e r t a i n  shortcuts  were taken. 

F i r s t  of a l l  Eq 44 was used as the  mechanizational b a s i s  r a t h e r  

than Eq 47 which provides the  p r a c t i c a l  s impl i f ica t ion  of the  system. 

So the  mul t ip l ica t ion ,  which i s  the  function t o  be supplanted by the  

scheme, a c t u a l l y  remained i n  the  simulation. 

mul t ip l ie r ,  ea( de,/dK@), was processed by a th ree  s t a t e  r e l a y  t o  y i e ld  

the  pot  rate s i g n a l  

l a t i o n  setup f o r  t he  comparison between the analog adjustment log ic  and 

d i g i t a l  ad justme,nt log ic .  

The output of the 

. The sketch below shows the  form of the  simu- its, 

Analog 
A L 

Selector 6 
Switch 

- - - 
Digital 

The analog scheme appears t h e  simpler one here only because of the  

mechanization shor tcu t  j u s t  described. 

The th ree  s t a t e  r e l a y  used t o  approximate the  signum funct ion had 

deadzone width 2~ and amplitude l eve l s  +A. These parameters were s e t  

t o  values f o r  which the  behavior of the  two adjustment l a w s  i s  

comparable. There may be more optimum values bu t  f o r  our purposes 

t h i s  w a s  t he  approach adopted. 

a t  a l l  s e n s i t i v e  t o  E and A over a large range of values .  This some- 

what su rp r i s ing  r e s u l t  was a for tu i tous  one. 

out  as an  as ide ,  t h a t ,  although only a symmetrical r e l a y  funct ion w a s  

It turned out t h a t  performance was not 

It should be pointed 
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considered, there  may wel l  be p r a c t i c a l  advantages t o  a non-symmetrical 

one i n  an a c t u a l  appl icat ion.  

Figure 13 shows a comparison between the  two mechanizations a t  

f l i g h t  condition 810 when a square wave roll command forces  t h e  system. 

The rudder pa th  gain,  Ky, i s  constant a t  i t s  cor rec t  value.  

of the  f igure  the  analog adaptive scheme is employed and i n  p a r t  B 

the d i g i t a l  adaptive log ic  scheme is  used. The i n i t i a l  o f f se t s  a r e  the  

same i n  each case. Notice t h a t  when the  square wave first changes 

sign the system receives  a doubLe amplitude s t e p  and a l a rge  K,$ 

adjustment i s  made by t h e  analog adjustment log ic .  The d i g i t a l  

adaptive log ic  at t h i s  same point  only ad jus t s  the  ga in  the  same amount 

tha t  it did when the input s t a r t ed ,  impressing a s ing le  amplitude 

s tep  upon the system. Thus the  gain adjustment i s  sens i t i ve  t o  command 

l eve l  f o r  the analog scheme and is insens i t i ve  f o r  t h e  d i g i t a l  l og ic  

scheme. 

I n  p a r t  A 

This bears out our expectations i n  the  l i g h t  of Eq 43 and 47. 

In  both cases shown i n  Fig. 13, adjustment i s  sa t i s f ac to ry .  While 

convergence may appear t o  be slow the  adaptive gains are appropriate  

for  the real t i m e  execution of t he  mission. 

be made much higher a t  t h i s  f l i g h t  condition i n  agreement with the 

ana ly t ica l  proof of s t a b i l i t y .  

The ga in  might, of course, 

Figure 14 shows the behavior of t he  system with the  d i g i t a l  

adjustment log ic  during 170 seconds of the  mission. The approximately 

Gaussian roll angle command i s  used here. The rudder loop gain i s  

being s e t  by the analog adjustment scheme as it was previously.  

Overplotted on the  K,$ t r a c e  i s  a dot ted curve which represents ,  

according t o  the  surveys (Appendix A ) ,  the  optimum handling q u a l i t i e s  

gain t r a j ec to ry .  The a c t u a l  gain i s  even c lose r  t o  the  i d e a l  gain than 

it was i n  the  o r ig ina l  scheme ( see  Fig. 9 ) .  
smaller. So, it turns  out, t he  d i g i t a l  adjustment scheme i s  not only 

simpler but it seems t o  give b e t t e r  ove ra l l  performance, at least  i n  

th i s  i d e a l  case of no disturbance input .  

The e r r o r ,  ea, i s  a l s o  

The simple d i g i t a l  gain 
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adjustment l og ic  i s  indeed an a t t r a c t i v e  way t o  mechanize t h e  adaptive 
cont ro l  funct ion technique. 

I n  summary, the following items have been discussed i n  t h i s  

s e c t  ion. 

0 An a t t r a c t i v e l y  simple mechanization is  possible .  

0 It i s  f l e x i b l e  as w e l l  as simple. 

Desirable s t a b i l i t y  proper t ies  ex i s t  i n  the  
i d e a l  case. 

Simulation shows t h a t  ove ra l l  performance may 
w e l l  be enhanced by d i g i t a l  gain adjustment log ic .  
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 

The research reported herein has led  t o  a general  procedure f o r  

constructing adaptive con t ro l  systems appropriate f o r  l i n e a r ,  m u l t i -  

control  po in t  control led elements. 

technique, as it i s  ca l led ,  can be mechanized with a very modest 

amount of equipment. 

respect when applied t o  mult i -control  point  problems. 

how modifications,  necessary f o r  mechanizing the  system with real 

physical devices, should be incorporated i n t o  the  design. Aspects of 

these modifications which allow us t o  fu r the r  reduce system complexity 

have been discussed. 

been developed which renders the adaptive gain adjustments independent 

of t h e  input leve l ,  and t o  some exten t ,  further s impl i f ies  t he  system 

mechanization. 

t o  be s t ab le  under c e r t a i n  i d e a l  conditions.  

The adaptive con t ro l  funct ion 

The system is  espec ia l ly  remarkable i n  t h i s  

W e  have shown 

. 
An a l t e rna t ive  adaptive gain adjustment l a w  has 

The adaptive gain adjustment responses have been proven 

Simulation of an adaptive l a t e r a l  s t a b i l i t y  augmentation system f o r  

a hypothet ical  manned, l i f t ing-body,entry vehicle has demonstrated 

appl icat ion of the  adaptive cont ro l  funct ion technique t o  a d i f f i c u l t  

f l i g h t  cont ro l  problem. 

shown t o  be capable of providing a speed of adaptation w e l l  i n  excess 

of t h a t  required f o r  t h i s  appl icat ion.  

operate properly i n  the face  of disturbance inputs .  

The adaptive cont ro l  funct ion system w a s  

The system w a s  a l s o  shown t o  

Two recommendations f o r  further research and appl ica t ion  are as 

follows. Additional t h e o r e t i c a l  research on the s t a b i l i t y  of adaptive 

control  funct ion systems might succeed i n  treating "non-ideal" cases 

wherein there  is control led element-controlled element model 

mismatch and/or there  a r e  disturbance inputs  act ing.  

should be pursued. 

This p o s s i b i l i t y  

The second recommendation i s  t h a t  the adaptive 



con t ro l  funct ion technique be put t o  m ac tua l  f l i g h t  t e s t .  I n  view 

of the  modest equipment requirement f o r  these adaptive systems, it 
appears f e a s i b l e  t o  perform such a test a t  low cos t  by u t i l i z i n g  an 

ex i s t ing  var iab le  s t a b i l i t y  a i r c r a f t  having general  purpose analog 

computation equipment aboard. 
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A P m I X  A 

HYPOTHETICAL, MANNED, LIFTING-BODY ENTRY VEHICIX; 
BASIC DATA AND SYSTEMS SURVEYS 
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In t h i s  Appendix, we summarize t h e  bas ic  vehicle da ta ,  f o r  l a t e r a l  

handling qua l i t i e s  considerations , at  s i x  f l i g h t  conditions which 

encompass the c r i t i c a l  phase of the  en t ry  t r a j ec to ry .  

qua l i t i es  assessment i s  made t o  iden t i fy  the  p a r t i c u l a r  problems 

cha rac t e r i s t i c  of the  unaugmented vehicle .  

way t o  t h e  evolution of a s t a b i l i t y  augmentation system (SAS). 

delving i n t o  the  d e t a i l s  of the  SAS, however, a review of the  multi ioop 

analysis  procedure, necessary f o r  analyzing t h i s  problem e f f i c i e n t l y ,  

i s  accomplished. 

evolved by considering, on a competitive basis, the various ways i n  

which the  handling q u a l i t i e s  problems m y  be eliminated by SAS design. 

Final ly ,  the  problem cons t ra in ts  which require  t h a t  c e r t a i n  SAS 
parameters be adaptive w i l l  be stated.  

Next, a handling 

This leads i n  a n a t u r a l  

Before 

Following t h i s ,  a bas ic  SAS configuration i s  

B A S I C  m-m 

The la teral  t r a n s f e r  functions used herein a r e  based on the following 

Laplace transformed a i r c r a f t  equations of motion f o r  body-fixed axes, 

-sWo-g COS 8,  suo-g s i n  8, 

vTO vTo 

s(s - $1 - LA 

I 

- s N i  ( s  - N;) 

where 6 can be e i t h e r  Fa or 6,. 



Additional var iab les  are given by: 

6070 3250 1750 1150 

3500 2320 41 9 331 

Numerical values of reference dimensions, i n e r t i a s ,  dimensionless 

s t a b i l i t y  der iva t ives  and t r a n s f e r  function f a c t o r s  f o r  a l l  f l i g h t  

conditions considered i n  the system surveys a r e  summarized i n  the  

following t ab le s .  

940 687 

342 I34 

n 

34 

30 

Parameter 

-12 -7 -17 

16 20 1 1  

33 -8 

35.5 13.5 

S 

b 

UO 

WO 

m 

I X  

I z  

Ixz 

00 

a0 

TABU A-1 

FEFEFENCE DIMENSIONS AND INERTIAS 

~ ~~ 

Units 



Parameter 

-0.6 
yB 

yP 

C 

C 

C 
"a 

C 
"r 

1B 

C l P  - 

'lr 

C 

'8 a 
C 

CnB 

nP 
C 

cnr 

n8r 
C 

k I - 
-0 -8 -0.8 -1 . I  -1 .2 -0.9 

TABm A-2 

DIMENSIONLESS STABILITY DERIVATIVES 

(Ref. 18) 

-0.01 2 

0.007 

-0.02 

-0.023 

0.008 

0.12 

-0.2 -0.3 -0.5 -0.6 

0.0 -0.002 0.002 -0.002 

0.0 -0.019 -0.020 -0.04 

0.0 

0.0 

0.0 

0.0 

-0.07 

-0.07 

0.2 

-0.6 

-0.022 

-0.06 

-0.008 

0.0 

0.04 

0.1 

-0.2 

0.0 

0.0 

0.0 

-0.09 

-0. og 

-0.008 

0.0 

0.04 

0.04 

-0.04 

-0.12 

same 

same 

same 

0.04 
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0.04 

-0.20 
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-0.030 
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0.18 

0.04 
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630 ] 725 I 810 

~ 

Parameter 840 850 I 865 

TABLE A-4 
EXACT TRANSFER FUNCTION FACTORS: 

CWlRACTERISTIC AND AILERON NUMERATOR 

( -51 1 
(.a 35) 

.0084 

3.89 

(- .16) 1 .0679 ,061 1 .0843 
I 

( ~ 6 5 )  .285 365 .360 
-17 .070 .066 .062 

1.20 5-77 6.49 4.21 

(.49) 
( ,0061 ) 

-0035 
2.69 

-SO935 

,00763 

.009 3 

3.57 

-1.62 
.006 

1.33 

-. 137 - .474 -.547 -I .06 -1.70 

.oi l6  .076 * 0950 .0933 .230 

.02 (-I .46) .081 .064 ,065 

4.66 (1.89) 8.66 9.24 4.27 



. 

630 I 725 I 810 I Parameter 

-1.96 

. O g w  
-073 

4.59 

TABLE A-4 (Continued) 

RUDDER NUMEFUTOR FACTORS 

-4.43 

-0933 
.067 

6.39 

.665 

-.OI 63 

,400 

(-25.8 1 

(28.6) 

1 

-8-68 

- .269 

.380 

.051 

7.10 

-1.43 
.0761 
.034 

2.27 

-3.64 
.231 
.063 

3.65 
I I 

-. 00891 
- .0206 

.131 

164. 
- . 1 1  

-.315 -10.9 
-.0162 - 242 

. %38 * 350 
- ,058 .054 
40. s 6 .Qh 

-10.7 
-.117 

.435 

.031 
f .Q6 

1 
or  

0 0 705 

- .0208 

. i 32 

(-18.0) 

(18.6) 

-8.88 

-.124 

.472 

.028 

5-30 
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TABLE A-4 (Concluded) 

630 I 72 5 81 0 840 850 865 

0 

- .0073 
I 3.6 

I I 

0 

-.035 - .0035 - .017 

17.5 8 -08 4.42 

2.68 
(-3.351 

(3.31 1 

0 

o r  

[s + 1 / % l )  

4.21 
(-5.61 1 

(5 .70)  

0 8.5 27.1 52.8 18.9 
.0636 . I  35 . I  58 .0685 

's \ + '/%*) 

-10.2 

.064 

6.81 

-7 75 
057 

5.51 

0 0 .721 
- .024 

35.7 

I 
or 

(93.1 1 

87.6 
- .0065 

9.22 

33.3 
-.021 

5.01 

cp 
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LATERAL HAIDLING QUALITIES DEFICIENCIES 

I n  t h i s  subsection, w e  examine c r i t i c a l l y  t h e  lateral handling 

q u a l i t i e s  of the  unaugmented vehicle .  This i s  a necessary prelude t o  

i n t e l l i g e n t  design of the  SAS. 

Roll Damping 

The low frequency roots  of the cha rac t e r i s t i c  equation couple, 

r e su l t i ng  i n  the  so  ca l led  " la teral  phugoid"" a t  f l i g h t  condictions 

630, 725 and 810. 

of l o w  roll damping and la rge  e f f ec t ive  dihedral.  Because of i t s  low 

frequency t h i s  mode is  not considered t o  be p a r t i c u l a r l y  troublesome. 

It i s  e f f e c t i v e l y  the  same as two roots  a t  t he  o r ig in  in so fa r  as i ts  

e f f e c t  i n  the  crossover region on the  closed-loop con t ro l  of the  

vehicle  i s  concerned. 

See Table A4. The l a t e r a l  phugoid is  the  r e s u l t  

A t  f l i g h t  conditions 840, 850 and 86> the l o w  frequency roots  a re  

t y p i c a l  f o r  s t ab le  s p i r a l  and roll subsidence modes. However, the  roll 

damping is  qui te  l o w .  

A roll damper will c l e a r l y  be a necessary p a r t  of the SAS. For 

t h i s  purpose we w i l l  use a 0 t o  6, feedback. 

reads 4, -6a. 

operating i n  the f r e e  mode during en t ry .  

The convention f o r  t h i s  

4, w i l l  be assumed obtainable from a v e r t i c a l  gyro 

Derived r a t e  will be used. 

u + / q  Effects 

(u+,/%)~ is  summarized i n  the following t ab le .  

*The handling q u a l i t i e s  implications of the  lateral  phugaid mode 
e f f ec t s  a r e  t r ea t ed  i n  Ref. 19. 
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TABLE A-5 

When t h e  dutch roll i s  very l i g h t l y  damped, as here, Ref. 17 
2 indicates  as des i rab le  1 .O > (udq) 

reversals .  Only the  865 f l i g h t  condition meets t h i s  c r i t e r i o n .  Even 

at 865 t h e  s i t u a t i o n  is not e n t i r e l y  acceptable because the  combination 

of very l o w  dutch roll damping and very small 9- separa t ion  w i l l  

mean tha5  a roll damping closure w i l l  not produce s u f f i c i e n t  dutch roll 
damping. This i s  acceptable f o r  a i l e ron  inputs  because of t he  small 

dutch roll modal response coe f f i c i en t s  f o r  t he  dutch roll mode bu t  w i l l  

probably not be adequate f o r  gust  (Bg) because the modal response coef- 

f i c i e n t s  f o r  the  dutch roll mode then tend t o  be l a rge r .  

> 0.5 i n  order t o  avoid roll r a t e  

An addi t iona l  means f o r  increasing dutch roll damping m u s t  be found. 

This might be crossfeed, o r  feedback of yaw rate, s i d e s l i p ,  o r  lateral 

accelerat ion t o  the rudder. O f  the o ther  f l i g h t  conditions,  only i n  

the case of 810, 840 and 850 can 4% be changed by means other  than 

the roll damper, e.g., by feeding back s i d e s l i p  angle t o  rudder, because 

there i s  no rudder e f fec t iveness  a t  f l i g h t  conditions 630 and 725. 

Other qqj rela t ed  problems a l s o  e x i s t .  Notice t h a t  the dutch 

roll frequency o r  s t i f f n e s s  i s  l o w  a t  f l i g h t  condi t ion 810. 

Table A-4. 
See 

This r e s u l t s  from negative yawing moment due t o  s ides l ip .  
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For good handling qua l i t i e s ,  the  dutch roll frequency should be 3.0 t o  

5.0 rad/sec. 

only be m e t  by feedback t o  rudder. 

The requirement t o  s t i f f e n  the dutch roll p r a c t i c a l l y  can 

S t i l l  another problem e x i s t s  a t  f l i g h t  condition 810. This i s  the 

so-called roll r eve r sa l  indicated by t h e  negative (9/q)* r a t i o  i n  

Table A-5. 
s i des l ip .  

crossfeed o r  feedback of la teral  accelerat ion o r  s i d e s l i p  t o  rudder. 

This too,  i s  the  result of negative yawing moment due t o  

Possible  f ixes  f o r  t h i s  problem a r e  aileron-to-rudder 

MULTILOOP r n Y S I S  
. 

Lateral a i r c r a f t  dynamics pose a two control  point  problem, i . e . ,  

both rudder and a i l e r o n  cont ro l  inputs  a r e  possible .  

ins ight  t o  t h i s  moderately complex control  problem we must use the most 

e f f i c i e n t  a n a l y t i c a l  tools avai lab le .  I n  t h i s  case,  the rnultiloop 

ana lys i s  technique reported i n  Ref. 9 i s  pa r t i cu la r ly  appropriate .  

Without r e so r t ing  t o  proofs o r  consideration of t he  general  problem, 

r e s u l t s  which a r e  usefu l  f o r  the probiem at hand a r e  summarized below 

and r e l a t ed  t o  the a i r c r a f t  equations of motion. 

To develop maximum 

Our object ive i s  t o  analyze the  dynamic cha rac t e r i s t i c s  of the 

The inputs t o  the  closed-loop la teral  cont ro l  system i n  Fig.  A-1.  

unagumented a i r c r a f t ,  A/C, a re  denoted by 6, ( a c t u a l  a i l e ron  surface 

def lec t ion)  and 6, ( a c t u a l  rudder surface de f l ec t ion ) .  

which concern us a r e  t h e  roll angle, Cp, and some other  motion quant i ty  

such as yaw rate, r, o r  la teral  acceleration, a i ,  which we s h a l l  denote 

i n  general  by q. 

The outputs 
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Figure A-I . Lateral Aircraft Closed-Loop Control System 

The controllers, G and Gq, include the servo transfer functions cp 
and compensation. 

electromechanical functions of the SAS. 

The controllers include the human pilot as well as 

The first step is to develop the open-loop transfer function from 

Ea-t(P, with the 9-6, loop closed, from first principles of servo- 
analysis. In Fig. A-2, A is the characteristic polynomial of the Laplace 

Figure A-2. Effect of Inner Loop Closure on Aircraft Dynamics 
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transformed a i r c r a f t  equations of motion. 

numerator polynomial which, together  with A i n  N g  /A forms the  t r ans fe r  

function f o r  the  unaugmented a i r c r a f t  from 6, t o  cp. 

from the  Laplace transformed a i r c r a f t  equations of motion, say, by 

Cramer s ru l e .  

qa, f o r  example, is  a 

a 
"P can be obtained 

6a 

0 + GqNs, 9 

A t  t h i s  point  l e t  us introduce t h e  coupling numerator: 

(A-7)  

@ i s  always an exact  f a c t o r  of the numerator polynomial on the LHS of 

Eq A-7. a r  
order  than any of i t s  cons t i tuent  numerators. 

the  coupling numerators can a l s o  be obtained by a method analogous t o  

C r a m e r ' s  r u l e .  That i s ,  NgaZr can be obtained from the Laplace 

transformed a i r c r a f t  equations of motion by subs t i t u t ing  the 6, 

con t ro l  e f fec t iveness  column i n t o  the cp column of the cha rac t e r i s t i c  

cpq 
Therefore N8 6 is  a polynomial, and i s  very of ten  of lower 

It can be shown tha t  

matrix and the  6, cont ro l  effect iveness  column i n t o  the q column of 

the c h a r a c t e r i s t i c  matrix, and then computing the  determinant of the  

r e s u l t .  Several  i d e n t i t i e s  among coupling numerators are a l s o  of 

importance. 

E 
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then 
(A-9)  

(A-1 0) ‘kql = o and N~~~~ qkqk = 0 a lso  N8i8i 

Consider t h e  las t  two i d e n t i t i e s ,  Eq A-6 and A - 7  and i d e n t i f y  

N!: as: 

(A-I  1 ) 

Clearly then, the  numerator, NZa, may be modified only by feeding some 

other motion quant i ty  than cp back t o  some other  con t ro l  point  than 6, 

(because otherwise t h e  coupling numerator w i l l  vanish).  

i s  t rue  i n  general  and can be extended t o  the  n-control point  problem. 

This statement 

The closed-loop expression for t h e  cpc-cp t r a n s f e r  funct ion is  

(A-1 3 )  q A ’ = A + G N  
q 8, 

where 

The numerators of t h e  a i r c r a f t  as experienced by t h e  p i l o t  ( i . e . ,  

with respect  t o  con t ro l  s t i c k  and pedal  de f l ec t ions  i n  d i s t i n c t i o n  t o  



con t ro l  surface def lec t ion)  may be modified by con t ro l  crossfeed. 

Aileron-to rudder crossfeed e f f e c t s  a r e  summarized below. Pedal 

def lec t ions  a r e  denoted by 6;. 
are equivalent,  assuming servodynamics are  negl ig ib le .  

S t i ck  def lect ions and a i l e r o n  def lec t ions  

U I 

Figure A-3. Effect  of Aileron-to--Rudder Crossfeed 

A 

81 



The modified numerators are 

so  t h a t ,  f o r  example 

(A-1 4) 

Note t h a t  a s i n g l e  crossfeed does not a f f e c t  t h e  coupling numerator: 

(A-16)  

The above development i l l u s t r a t e s  t h e  f a c t  t h a t  the  e f f e c t s  of 

a i leron t o  rudder crossfeed m y  be included i n  t h e  previous a n a l y t i c a l  

framework merely by replacing t h e  unstarred 6, numerators by s t a r r e d  

numerators and choosing Ycf appropriate t o  the  crossfeed and the  rudder 

servodynamics . 

For compactness it i s  he lp fu l  t o  use a nota t ion  t h a t  w i l l  avoid t h e  

repeated use of the  Laplace var iable ,  s .  For t h i s  purpose, we def ine:  

(1/T) = ( S  + 1/T)  

{ K  ) = Root locus gain 

/ 

Superscripts of primes and/or a s t e r i s k s  denote the  number of loop 

closures which have modified the  1 /T,  5 or (u of t h e  system t r a n s f e r  

function f a c t o r s .  
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s y s m  SURVEYS 

-- -- - 
I - -  

. __ -- . - . 
1 I q&+ ~ (Qq71d)2 ma 

t 

0.688 ~ 0.473 I .92 
I 

0.492 I 0.242 1 5-25 
. .---. -I.- L I I--- 1 . 

Effect of Ro l l  Damper a t  F l i g h t  Conditions 630 and 725 

Because of t h e  l a rge  separation, it i s  an easy matter t o  

obtain good dutch r o l l  damping. However, most l i k e l y ,  r o l l  rate 

r eve r sa l s  and fa i r  s ized (but  J& l i g h t l y  damped) s i d e s l i p  motions w i l l  

have t o  be to l e ra t ed  because of l imited ai leron con t ro l  e f f ec t iveness  

ava i l ab le  and the  absence of rudder control effect iveness .  

TABLE A-6 

This will be espec ia l ly  t r u e  a t  f l i g h t  condition 725 because of t'ne 

While s t i l l  l a r g e r  very l a rge  3-4 separat ion ( see  preceding t a b l e ) .  

gains could be used t o  advantage theo re t i ca l ly ,  they may w e l l  cause 

con t ro l  s a t u r a t i o n  and/or tend t o  cause larger  s i d e s l i p  angles because 

of reduction i n  dutch roll s t i f f n e s s  t h a t  must accompany higher gains.  

The p i l o t  can close a 9-6,. loop t o  achieve approximately 1 .O rad/sec 

bandwidth using only a modest amount of lead, i . e . ,  (s  + ~ / T L ) =  ( s  + 2 .0 ) .  

Lead i s  no t  required t o  s t a b i l i z e  the  system. 

(TL max = 5.0) can be used t o  obtain increased system bandwidth. 

Additional p i l o t  lead 

It seems c l e a r  t h a t  under emergency conditions with t h e  r o l l  damper 

f a i l e d ,  t h e  p i l o t ' s  lead, i . e . ,  ( s  + 0 .2 )  i s  s u f f i c i e n t  t o  obtain i n  

excess of 1 .O rad/sec bandwidth. 

however. 

This calculation w a s  no t  performed, 



Competing SAS Systems f o r  F l igh t  Conditions 810, 840, 850 and 865 

In  t h i s  subsection, the  object ive i s  t o  evaluate  candidate SAS 

configurations on a competitive bas i s .  Root locus sketches w i l l  be 

u t i l i zed  f o r  evaluating the  s u i t a b i l i t y  of each candidate a t  the  f l i g h t  

conditions where it i s  most l i k e l y  t o  be a poor choice. This technique 

enables us t o  rap id ly  reduce the  l i s t  of candidates t o  the  one or two 

configurations t h a t  will most l i k e l y  work out w e l l .  

The root  locus sketches can be constructed using very simple 

approximations f o r  the  SAS t r a n s f e r  funct ions.  Here, servodynamics 

and p i l o t  reac t ion  time delay e f f e c t s  will be neglected. 

G q  i n  Figure 1 cons is t s  of two par t s .  

closure by the  p i l o t  and the  other ,  the 6-8, SAS r o l l  damper c losure.  

For example, 

One represents  the  cp-Sa loop 

The p i l o t  descr ibing funct ion i s  taken t o  have the  form: 

The r o l l  damper form i s :  

( A - 1 8 )  

( A - 1 9 )  

For Gq ( q  is  some motion quant i ty  such as yaw r a t e ,  r), t he  only loop 

closures a r e  those of the SAS so  t h a t :  

Gq = Yq ( A - 2 0 )  

We are now ready t o  consider the  candidates.  
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are zeros of N+*) 
s a  A 

- -.__ 
u P l  

n 

Consider the e f f e c t  of t he  closure of 9-6, by the  p i l o t  w i t h  o r  

without a r o l l  damper. The c r i t i c a l  s i tua t ion  occurs a t  f l i g h t  condition 

810 because of t he  so-cal led roll reversal ,  i .e . ,  i s  negative. The 

root  locus sketch below shows a rap id ly  divergent closed-loop root  

which w i l l  always r e s u l t  f o r  reasonable values of gain of e i t h e r  s ign.  

4 

- Ycf "p 
2.oj 6a 

- Wd = 1.20 
Crossfeed 

n 

P i l o t  + R o l l  Damper Closure a t  F l i g h t  Condition 810 

Pi lo t  + Roll Damper 

sa 
' p c p  

G = - =  i ~ j  @(/L) I ' T  - 
T 

'L 
Crossfeed can be used t o  remedy t h e  r o l l  r eve r sa l  problem. Since 

the  6, numerator i s  the one t o  change, the crossfeed must be 6a-6,. 

(A-21)  

Ef fec t  of Crossfeed a t  F l igh t  Condition 810 



While the crossfeed f ixes  up the r o l l  reversa l ,  it does not provide 

any s t i f f en ing  of the  dutch r o l l  which i s  d e f i n i t e l y  required.  

appreciate t h i s ,  consider what happens when the  roll damper loop is  

closed. 

danrping i s  achieved, but  should be g rea t e r  than 0.5.  This leads t o  

the s i t u a t i o n  sketched below. 

To 

(U@d)* must be enough l e s s  than uni ty  so  t h a t  adequate 

Effec t  of Roll Damper a t  F l igh t  Condition 810 
with 6a-6r Crossfeed Acting 

2.0j 1 Airc ra f t  (6a-6, Acting) 

R o l l  Damper 

sa y. cp = - + = CKG) 

-On the  other  hand, ( f l / (od )2  might be more near ly  equal t o  uni ty  9 
eliminating the s t i f f n e s s  problem t o  some exten t ,  bu t  a t  the  expense 

of damping. 

Consideration must a l s o  be given t o  another po ten t i a l  problem 

created by t h i s  f i x .  

This means t h a t  i f  a constant gain crossfeed i s  used an unfavorable 

Ucp/qj would r e s u l t .  

i s  t o  have an adaptive crossfeed ga in  supplied electromechanically or 

by the p i l o t .  Neither so lu t ion  i s  r e a l l y  a t t r a c t i v e  i n  view of the 

marginal performance improvement a t  f l i g h t  condition 81 0. 

sketches i l l u s t r a t i n g  t h i s  aspect of  t he  problem (when constant 

crossfeed gain i s  used) a re  shown below. 

A t  f l i g h t  condition 865 (u+/od)* i s  near ly  uni ty .  

* 
( A  closed-loop root  i s  i n  the  RHP.) The a l t e r n a t i v e  

Root locus 
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Effec t  of Crossfeed a t  F l igh t  Condition 865 

Open-Loop Function 

- 
- Ycf "p 

6.0 j 'a 

Crossfeed - Wd = 4.21 
Ycf = 

(Closed- loop poles 
are zeros of N +* 

s o  

Effec t  of R o l l  Damper at Flight Condition 865 
w i t h  ',-Er Crossfeed Acting 

Ai rc ra f t  ( Cja-sr Acting) 

R o l l  Damper 

The next candidate f i x  i s  t o  tilt the sp in  ax i s  of the  v e r t i c a l  

reference forward through angle %. 
loop feeds back a new motion quantity,  7 ,  where assuming r 

This means tha t  the  r o l l  damper 

4 

9 4, COS OT + r s i n  OT (A-22)  

(A-23) 

If  we develop t h i s  numerator a t  f l i g h t  condition 810 it i s  c l e a r  t h a t  

t h i s  f i x ,  too,  solves the r o l l  r eve r sa l  problem. 



Effect  of Sensor T i l t  on N' a t  F l igh t  Condition 810 
'a 

Open-Loop Function 
s i n  OT Nz r 

a --- -- - (Closed - loop poles 1 2.0 j 

cos OT NZa are zeros of N' --I - W d  = 1.20 

v 
f i  

U 
r\ 

-1.89 - 1 . 1 1  -936 1.46 

However, t h i s  f i x  a l s o  f a i l s  t o  s t i f f e n  the  dutch r o l l .  See the  

r o l l  damper c losure below. 

Effec t  of R o l l  Damper a t  F l igh t  Condition 810 
with T i l t ed  Sensor 

I Airc ra f t  

2.0 j i 
w(j= 1.20 VWT 

R o l l  Damper 

Tradi t ional ly ,  feedback of la teral  acce lera t ion  t o  rudder has been 

the appropriate way t o  achieve dutch r o l l  s t i f f e n i n g .  

t h i s  a i r c r a f t  i s  amenable t o  t h i s  approach. 

f i n a l  surveys which have been done i n  some d e t a i l ,  we m u s t  consider yaw 

rate  feedback t o  rudder as a candidate inner-loop closure f o r  completeness. 

It tu rns  out t h a t  

But before g e t t i n g  t o  the  
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It i s  most des i rab le  t o  use washed-out yaw ra te  t o  e l iminate  the need 

f o r  a yaw r a t e  command i n  order t o  execute turns. 

case f o r  which t h i s  i s  useful,  u + / q  i s  l e s s  than uni ty  s o  tha t  dutch 

roll damping i s  increased by the  r-zr feedback. 

810 t h e  en t ry  g l i d e r  does not conform i n  e i ther  respect  t o  the  above 

s i tua t ion .  

pos i t i ve  and negative port ions of the  r e a l  axis. The r e su l t i ng  closures  

a r e  unsa t i s fac tory  because a low frequency divergence remains. 

I n  the t y p i c a l  

A t  f l i g h t  condition 

i s  g rea t e r  than one, and the zeros of NEa are on t h e  

(Closed - loop poles 
- are zeros of N 4' ) 

80 

-I - 
Tw; 

This i s  developed i n  the  following sketches. 

I.0j Open-Loop Function 
cpr 

N6a6r { 8.5) ( 0.0636) Yr - - 
- yr 1-5.06)(-0.936)(1.11) 

Ef fec t  of r 4 r  Closure 
on A' a t  F l igh t  Condition 810 

A' = a i- Y$; 
r 

c wr = 2.27 
Open-Loop Function 

Ns'r  (-1.433(0.0761) Wd = 1.20 Yr - - a - yr -0.16 0.17 
Io.1631 [ I  .20/ 

(Closed - loop poles 
are poles of a) 

U 
A 

- I  

Yaw Damper with Washout 

Ef fec t  of r-6r Closure 

on N:' a t  F l igh t  Condition 810 
a 



Effect  of R o l l  Damper a t  F l igh t  Condition 810 
with Washed-out r-8r Acting 

Augmented Ai rc ra f t  

I r i  I R o l l  Damper 

Low Frequency 
Divergence 

I f  yaw r a t e  feedback i s  t o  be usefu l  here, it must be lag/lead 

compensated. (Yaw r a t e  commands w i l l  be necessary w i t h  t h i s  compensation. ) 

Effec t  of r-8r Closure on NX1 a t  Flight Condition 810 

(With Lag/Lead Compensation) 
a 

(Closed - loop poles I . .  

Open-Loop Function arezerosof N + I  ) - I.0j 

( 8.5)  ( 0.0636) 
N' 

sa 

6as r  
Yr cp = Y, 

4: U U N6 a C-5.06)( -0.936)( 1 . I  I ) 
n 

- I  -I 
- 
- - ' Lag/Lead Compensated Yaw Damper 
T+I 



Effect of r-Sr Closure on A' a t  Flight Condition 810 
(With Lag/Lead Compensation) 

A' = A + Yp;, 
(Closed - loop poles 
are poles of n') Open-Loop Function 

wr = 2.27 Yr NBr n = {-1.43~(0.0761) 
yr -0.16 0.17 

10.1651 11.20 I 
wd = 1.20 Lag/Lead Compensated Yaw Damper 

Effect  of R o l l  Camper a t  Flight Condition 810 
(With Lag/Lead r-6r Acting) 

Augmented Aircraf t  

- I.0j 
Roll Damper 



It turns  out t ha t  the system can be s t ab i l i zed  and t h e  act.ual 

dutch roll can be s t i f f ened .  However, t he  l a g  of the  compensation i n  

combination with the roll subsidence root  presents  a low frequency 

atmarent dutch roll mode t o  the  p i l o t  while the  apparent roll subsidence 

root i s  a t  i n f i n i t y .  A high gain 'p-6, p i l o t  c losure i s  needed t o  

suppress the  apparent dutch r o l l  mode adequately. This loop cannot 

be closed at high ga in  because the  a c t u a l  dutch roll mode w i l l  tend 

t o  become unstable due t o  the  p i l o t  reac t ion  t i m e  delay e f f e c t .  

F ina l ly ,  we come t o  consider feedback of l a te ra l  acce lera t ion  t o  

rudder. F i r s t  we must choose a loca t ion  f o r  the  accelerometer. I f  t he  

locat ion i s  chosen t o  be the  center  of percussion with r e spec t  t o  the 

rudder, then the accelerometer instantaneously senses a quant i ty  

proportional t o  s i d e s l i p  angle.  

quantity f o r  s t i f f e n i n g  the  dutch roll, of course. It a l s o  turns  out 

tha t  t h i s  feedback f ixes  up the  roll r eve r sa l  problem. The center  of 

percussion is  a dis tance 1 

Reference 21 gives 1, as: 

S ides l ip  angle i s  the desired feedback 

(forward) of the center  of grav i ty .  
xO 

0 

(A-24) 

The l a t e r a l  acce le ra t ion  measured a t  the center  of percussion loca t ion  

a t  f l i g h t  condition 810 i s  denoted by a$. 

lxo 
which means t h a t  the  accelerometer i s  considerably forward of the center  

of percussion a t  t h a t  condition, and the  quant i ty  sensed no longer 

c losely approximates s i d e s l i p  angle. This is not necessar i ly  a major 

concern because a t  f l i g h t  condition 865 dutch roll s t i f f e n i n g  i s  

adequate. 

separation and/or dutch roll damping. 

perturb the accelerometer loca t ion  s l i g h t l y  t o  obta in  adequate 9 -Ud  

separation at f l i g h t  condition 863 and adequate dutch roll s t i f f e n i n g  

A t  f l i g h t  condition 810, 

3.88 f t .  However, a t  f l i g h t  condition 865, lxo A 0.95 f t  

The r e a l  problem a t  f l i g h t  condition 865 i s  lack  of 

To remedy t h i s  we need only 
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at  f l i g h t  condition 810. 

cen ter  of grav i ty ,  i s  su i tab le .  The l a t e r a l  acce le ra t ion  a t  t h i s  new 

loca t ion  i s  $. 

A locat ion,  lx = 3.38 f t  forward of the 

To more keenly appreciate  t he  r e su l t s  of changed accelerometer 

l oca t ion  on t h e  various dutch roll re lated f a c t o r s  of t h e  t r a n s f e r  

functions,  we have constructed Table Ar7 below. When in t e rp re t ing  t h e  

e n t r i e s  i n  t h i s  t ab le  we m u s t  keep t h e i r  involvement i n  the  expressions 

f o r  Nga and A' i n  mind i n  order t o  assess the  e f f e c t s  of the 

feedback. 

0 
"y -% 

(A-25) 

(A-26) 

TABLE A-7 

SUMMARY OF ACCEUROMETER LOCATION EPFECTS UPON DUTCH ROLL 
RELATED TRANSFER FUNCTION FACTORS AT FLIGHT CONDITIONS 810 AND 865 

The numbers show t h a t  

feedback can f i x  the reversa l .  (The T h e %  0 -fjr 
roots  of Nga tend toward t h o s e  of Nga$ as K d  
i s  increased. ) 
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Greater separat ion a t  f l i g h t  condition 865 
i s  possible .  (Same reason as above plus  roots of 

A' tend toward those of NBY as KL' i s  increased.)  
a" 
r Y 

The new accelerometer l oca t ion  does not compromise 

the  dutch roll s t i f f e n i n g  a t  f l i g h t  condition 810. 

I n  order t o  a l s o  augment dutch roll damping ( p a r t i c u l a r l y  a t  f l i g h t  

condition 865) we w i l l  use lead/ lag compensation i n  the a?-Br path. 

The following sketches show the  development of Ng: and A' a t  f l i g h t  

conditions 810 and 865 using t h i s  feedback. 

The sketches show t h a t ,  indeed, t he  reversa l ,  s t i f f n e s s  and dutch 

r o l l  damping problems are solved f o r  the  c r i t i c a l  f l i g h t  conditions by 

the compensated a:-6, feedback. 

and ul t imately,  of the 'p-6, loop through the  p i l o t  bear  t h i s  out. 

Closures of the  roll damping loop 

Development of Ng' and A' a t  F l igh t  Condition 865 a 

(Closed- loop poles are I 

(6.09) -z+-Et- 

(Closed -loop poles 
are poles of A) 

r--- I -1 

v 
A 

-I5 - 1.5 
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Development of N g '  and A' a t  Flight Condition 810 a 

(Closed - loop poles 
are zeros of N, +' b: 

9 
v 
A 
.936 

(Closed -loop poles are 
poles of A') , I 

t I  

f -  
- I5 17 7 K \  

\L.l Y I  

I----- 1 i+i I I 

f'----' 
v- 

18 

The open-loop functions i n  each of the  above sketches a re ,  

Open-Loop Function f o r  NE, 9' Open-Loop Function f o r  A t  

The compensation for the  lateral accelerat ion loop i n  each of the  

above sketches i s  ( s  + 1 . 5 ) / ( s  + 15.0). 

-10.0. 

"he loop gain, (-K<)dB, is 
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Considerations of Controllability After a Single Failure 

Consider p i l o t  c o n t r o l l a b i l i t y  a t  f l i g h t  conditions 630 and 725 

following a roll damper failure. 

double in tegra tor - l ike  vehicle  i n  emergency operation, bu t  w i l l  

a high opinion of the handling qua l i t i e s .  

The p i l o t  w i l l  be able  t o  con t ro l  the  

have 

Much the  same will be t r u e  at f l i g h t  conditions 810 through 865 
i n  the event of a roll damper f a i l u r e .  

b e t t e r  damped by the a;+?+ inner  loop and the  roll subsidence 

frequency will have increased somewhat (but  by no means enough). 

these f a c t o r s  will improve the  handling q u a l i t i e s  r e l a t i v e  t o  s i t u a t i o n  

above. 

However, t he  dutch roll w i l l  be 

Both 

a$-&, f a i l u r e .  A t  f l i g h t  condition 810 t h i s  f a i l u r e  poses a 

c r i t i c a l  p i l o t  c o n t r o l l a b i l i t y  problem when the  roll damper i s  engaged 

because (you w i l l  r e c a l l )  q-6, i s  required for s t a b i l i t y .  

question i s :  

The 

can the  p i l o t  provide a s u b s t i t u t e  f o r  t he  f a i l e d  loop? 

Likely candidates a re  : 

8,- crossfeed. This i s  e a s i l y  accomplished p i l o t  
f o r  emergency operation. 

ay-6r ("yp = l a t e r a l  acce le ra t ion  a t  the  p i l o t ' s  

head). 

forward of the c.g. 

The p i l o t ' s  head was estimated t o  be 5.88 f t  

The f i r s t  remedial ac t ion  i s  e a s i l y  within t h e  p i l o t ' s  capabi l i ty ,  bu t ,  

as we have seen previously,  aileron-to-rudder crossfeed i s  not too  

e f fec t ive  a f i x  a t  f l i g h t  condition 810 because the  dutch roll frequency 

i s  low and requires  s t i f f e n i n g  which i s  not supplied by t h i s  f i x .  

i s  shown i n  R e f .  16 t h a t  t he  second remedial ac t ion  i s  ine f fec t ive  f o r  

s t ab i l i z ing  the  dutch roll because of the  combined e f f e c t s  of the  p i l o t  

reaction time delay and lack  of u$-u.$ separat ion.  

rapid divergence (-0.808 > 1 / T  > 0.936) t h a t  results when a$--&, 

fai ls  does not allow the p i l o t  s u f f i c i e n t  time t o  assess  the  problem 

It 

Also, the f a i r l y  



and then adapt.  This ind ica tes  t h a t  the $-Gr inner  loop should 

most l i k e l y  be f a i l  operat ional  ( t r i p l y  reduntant) . 
(with hardover monitors) might be su f f i c i en t  i f  t he  p i l o t  switched 

systems i n  an emergency without f i r s t  trying t o  assess the  source of 

t h e  f a i l u r e .  

Dual redundancy 

The roll damping loop need only be a single loop because the  p i l o t  

can serve as an adequate backup. 

Reliabi l i ty  and Equipment Count Considerations 

$-6a, r-6r and ""-Er can produce a system t h a t  w i l l  always 

be cont ro l lab le  after a s ingle  f a i l u r e  (rudder servo must be redundant). 

However, system dynamic performance a f t e r  a a+Er f a i l u r e  would be 

i n f e r i o r  t o  t h e  system using f a i l  operational aY-6, i n  place of 

r-6r and a$-&, s ingle  loops. 

( see  Appendix F of Ref. 22 ) . 

Y 

Equipment c o ~ ~ ~ t s  a re  nearly the same 

Dual redundant at-6, shows an equipment count advantage, bu t  

probably requires  too much of the  p i l o t .  The requirements t o  achieve 

system dynamic performance object ives  f o r  t h i s  vehicle  provide near ly  

a l l  the  design cons t ra in ts ;  t'nerefore, the r e l l a b i l i t y / c o s t  t radeoff  

does not en ter  the  p ic ture .  

Detailed Analysis of Selected System 

Detailed numerical ana lys i s  of t he  lead/lag compensated a; =6,, 

0-4-6 
compensation considered i n  t h e  above surveys, we have included a i l e ron  

and rudder servodynamics 

-6a system has been carried out .  I n  addi t ion t o  the SAS a, p i l o t  

(A-27) 

and a conservative estimate of the  pi lot ' s  reac t ion  time delay, 

T e  = 0.36 sec,  when no p i l o t  lead is  required and Te = 0.51 sec when 
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near maximum p i l o t  lead i s  required.  See Ref. 23. The form of the 

p i l o t  descr ibing funct ion used i n  ana lys i s  i s  

The t i m e  delay here i s  approximated 

( s  + 1/TL) ( A-28) 

by a f i r s t - o r d e r  over f i r s t - o r d e r  

Pad; representat ion.  

become 

The cons t i tuent  t r a n s f e r  functions of Gcp and G " ay 

Gcp = YpYas -I- Y+Yas s (A-29) 

G G  = YaG Yrs (A-30) 

The r e s u l t s  of the  closed-loop analyses a r e  contained i n  the 

following series of t ab le s .  

Dynamic performance a t  a l l  f l i g h t  conditions i s  as expected from 

the preceding surveys. 

TABLE A-8 

CONTROLmR FORMS 

I 1 I 
G " ay I I SY eyas 

cp 
I I 1 1 

I I I c 

re = 0.36 sec 



TABU7 A-9 

865 

C0NTROLL;FR GAINS 

-1 0 0 -25 .o 

I 1 I 

I 725 I N.A.  I 7.0 I 5.0 

-20 .o 

-10.0 -30.0 

-20 -10.0 -30.0 . 

2 .o 

2 .o 

25.0 

25.0 

25.0 

725 

1 1  .o 

1 1  .o 

TABU A-IO 

S m Y  OF CLOSED-LOOP DYNAMICS 

8.0 
- 

-2.0 

-2 .o 

25.0 1 3.0 

arb. 

arb. 
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TABLE A-1 0-Concluded 

F’LT. COlVll. 

81 0 

840 

850 

865 

1 00 

SUMMARY OF CLOSED-LOOP DYNAMICS 

-Ka” 
YIdB 

{ -1 4.4) ( 6.01 ) (47.5) l5 -20 -20 

{-8.8)(6.09)(63.4) [4::F] I -10 
(.0074)( .401)(3.90)(106.) .096 

[4.80 1 

1 



TABIZ A-I 1 

R 

FLT. COND. 

725 

81 0 

840 

850 

865 

SUMMARY OF CLOSED-LOOP DYNAMICS 

-11 

{ -5.06 1 (2.1 6) ($5.0) ( 30.2) k"1 .I 

7.0 

0.0 

-10.0 

-1 0.0 

0 
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TABIE A-12 

SUMMARY OF CLOSED-LOOP DYNAMICS 

5.0 

-20.0 

-30.0 

-30.0 

-25.0 

1 02 



Selec t ion  of Adaptive Gains 

Adaptive system gains w i l l  be Katt, which must ad jus t  t o  account 

f o r  changes i n  combination of A, N#, Nga, and NX $ with f l i g h t  

condition, and K+, which can compensate t o  some exten t  f o r  the widely 

varying con t ro l  e f fec t iveness  i n  roll with f l i g h t  condition. 

a r  

The need f o r  adaptive K 11 is  i l l u s t r a t e d  by the  circumstances of 

A value of (-K,;)dB = -10 is  s u i t a b l e  f o r  a l l  
“Y 

f l i g h t  condi t ion 850. 
o ther  f l i g h t  conditions.  To appreciate  t h i s  need, l e t  us compare the  

conf l i c t ing  requirements f o r  (-K 7 1 )  at  f l i g h t  conditions 810 and 850. ay 

TABLE A - I 3  

EFFECT OF Kavr AT FLIGHT CONDITIONS 810 AND 850 

FIT. COND. 
-. 

81 0 

850 

*DR = Dutch 

0 

-1 0 

-1 5 
-20 

-30 

0 

-1 0 

-1 5 
-20 

-30 

Roll 

16.8 

7.63 
2 -94 
2.76 

1.53 

7.00 
6.85 
6.70 
6.66 

6.55 

m.52 
5-79 
1 .71 

0 -943 

8-37 
7.16 
6.26 

5.34 
4.42 

COMMENTS 
~~ 

D P t o o  s t i f f  

DR not stiff 
enough 

unfavorable 

t o  allow s u f f i -  
c i en t  increase 
i n  DR damping 



Table A-1 3 shows that  a t  f l i g h t  condition 81 0 a gain i n  excess of 

-20.0 dB i s  required for adequate dutch roll s t i f f n e s s  while a t  f l i g h t  

condition 850 the gain must be -20.0 dB o r  l e s s  t o  permit a s u f f i c i e n t  

increase i n  dutch roll damping when the  roll SAS closure i s  made. 

Inasmuch as these  conf l ic t ing  requirements are most probably a funct ion 

of operating point  r a t h e r  than f l i g h t  t i m e ,  and because of the r i c h  

var ie ty  of possible  en t ry  f l i g h t  plans,  a good case can be made f o r  an 

adaptive SAS . 
. 
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APPENDIX B 

DEVELOPMENT OF ADAPTIVE CONTROL 
FUNCTION SYSTEM EQUATIONS 

Equations which descr ibe the  adaptive cont ro l  func t ion  system for 
the  vehicle  i n  Section I1 are s t a t ed  i n  a more general  and compact 

way here. 

inputs  a r e  t r ea t ed  i n  g r e a t e r  d e t a i l  than i n  Section 11. 

are wr i t t en  t o  show the  modifications introduced by addi t iona l ,  ou ter  

loop closures  around. t h e  adaptive system. The c r i t e r i o n  implied under 

the  assumption t h a t  t h e  adaptive ga in  adjustment l a w  i s  a s teepes t  

descent l a w  is a l s o  given. 

The e f f e c t s  of forcing because of mismatch and disturbance 

Equations 

c The equations a re  s u f f i c i e n t l y  general t o  enable t h e  adaptive 

cont ro l  funct ion technique t o  be "applied" t o  many con t ro l  s i t u a t i o n s  

merely by making appropriate  special izat ions.  

SYSTEM EQUATIONS WITHOUT OUTER LOOPS BUT WITH 
DISTURBANCE IXP'uTS AND ADApTllvE FEEDBACK OF SECONDARY 
MOTION- &uANTppIEs 

The control led element i s  assumed t o  be constar;t coe f f i c i en t  and 

l i n e a r .  I ts  t r a n s f e r  functions are given by 

cu = (C/A) f u  + (D/n)du 

mu =(M/A)fu +(N/A)du 

The U ' S  are conformable vectors  with unity elements. c i s  a diagonal 

matrix of var iab les  t o  be control led,  t h a t  is, of primary motion 

Woth t i m e  domain and Laplace transform domain equations will be 
used. 
d i s t i n c t i o n  between domains w i l l  be drawn i n  the notat ion s ince  the  
proper domain w i l l  be  c l e a r  from the  context. 

Equations w i l l  be i n  terms of one or the  other  domains, bu t  no 



quant i t ies  .t 
i .e . ,  cont ro l  funct ions.  d is  a diagonal n a t r i x  of disLurbance inputs .  

m i s  a diagonal matrix of secondary motion quant i t ies  involved i n  

the  problem. The matrices,  c and f, a r e  of equal order.  

f i s  a diagonal matrix of con t ro l  sur face  def lec t ions ,  

The cont ro l  l a w  f o r  the  basis system i s  

r is a diagonal matrix of commands, t h a t  is, the  reference values of c .  

The matrix F contains the  feedback t r a n s f e r  funct ions.  k i s  a vector  

of adaptively adjusted gains.  Fixed gain con t ro l  paths are assumed t o  

be included i n  Eq B-I and B-2. The bas i c  system i s  i l l u s t r a t e d  i n  

Fig. B-1. 

An e r r o r  vector  is defined t o  be proport ional  t o  the d i f fe rence  

between the  commands, r u  and calculated commands, rmu. This ca lcu la t ion  

i s  performed by processing cu and mu by the  mathematical inverse  of a 

t ransfer  funct ion model f o r  the  system. 

Choice of a system model i s  somewhat a r b i t r a r y .  However, f o r  OUT 

work here,  we choose the  form of the  model t o  be the  same as the bas ic  

system. The model control led element t r a n s f e r  functions were taken 

t o  be approximately those of t h e  a c t u a l  cont ro l led  element a t  one 

pa r t i cu la r  operating point .  

corresponding with those of k. I t s  elements a r e  chosen so that system 

model performance would be near "optimum" i f  it were exci ted by the  

commands, ru .  

The model gain vector ,  &, has elements 

The e r ro r ,  a vector ,  i s  defined as 

*Lower case letters are used f o r  c e r t a i n  diagonal matrices because 
t h i s  d i s t i n c t i o n  from the  upper case f o r  general  matrices a ids  i n t e r -  
p re ta t ion  of the  equations.  
vector of var iab les  t o  be control led,  e t c .  
representat ion of vectors  i s  necessary here i n  order  t o  wr i t e  
subs e quent e quat i ons compactly . 

t t subsc r ip t s  of r,:? and 2-l w i l l  be used on quan t i t i e s  t o  ind ica te  
respectively,  t he  d i r e c t  o r  inverse Laplace transform of a quantity.  

For example, it follows tha t  cu is  a 
This cumbersome 
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e = [r - rm i o ] %  

The s i m i l a r i t y  of the model and the  basic  system enables us t o  wr i te  

t he  model cont ro l  l a w  

[ r m j O ] k m  = fmU + I :  C I F ~  k-1h 

i n  consideration of Eq B-3. 

omitted s ince  disturbance e f f ec t s  would be suppressed i n  an i d e a l  

system. 

Disturbance inputs t o  the  model a re  

Then, i n  consideration of Eq B-1, fmu can be obtained from 

Equation B-4 can be rewr i t ten  using E q  B-5. 

The e r r o r  is  mechanized i n  the  adaptive system according t o  Eq B-7. 

The e r r o r  mechanization is  i l l u s t r a t e d  i n  Fig. B-1. Notice t ha t  the 

adaptive gains and the i r  model counterparts are contained i n  matrices 

i n  t h i s  f igure.  

invar ian t  way t o  the  ga in  vectors ,  k and km respect ively,  by a l t e r n a t e  

equations fo r  the con t ro l  function, f ( . )u. 

The matrices, K and Kn, a r e  r e l a t ed  i n  a t i m e  

This equation holds at every in s t an t  of t i m e  s o  there  are always an 

equal  number of unknowns and independent l i n e a r  a lgebra ic  equations. 

Therefore, a unique r e l a t i o n  between K (.)  and k( .) always e x i s t s .  

Often, it i s  most r e a d i l y  obtained by inspection, however, r a t h e r  than 

by solving the equations.  
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L e t  us ad jus t  the  gains  of the  adaptive system according t o  the  

following d i f f e r e n t i a l  e quat i  on. 

I 
e 

A i s  a diagonal m t r i x  of adaptive loop gains.  

of A a r e  pos i t ive .  

adaptive system gains.  

All diagonal elements 

Equation B-9 describes the  mechanization of t he  

S t a b i l i t y  and convergence of the adaptive system i s  s tudied i n  

terms of the adaptive gain d i f fe rence  vector, &. 

(B-1 0) A A k = k m - k  

Equations B-3, B-7 and B-10 can be used t o  express the  e r r o r  i n  terms 

of &. 

Equations B-9, B-10 and B-11 can be used t o  obtain gain-difference 

d i f f e r e n t i a l  equations.  

Equation B-12 i s  a vector-matrix expression comparable t o  Eq 22 and 

23 i n  Sect ion 11. 

When there  is no s igna l  mismatch between the  system and i ts  model 

i n  the  sense t h a t  



t h i s  implies t h a t  no disturbance inputs  a r e  ac t ing ,  and no control led 

element mismatch e x i s t s .  

i s  zero, and the  expression is an e x p l i c i t  funct ion of a l l  the  l i n e a r  

algebraic dependencies on Ak. This i s  similar t o  the expression used 

i n  Section I1 t o  assess  s t a b i l i t y .  When Eq B - I 3  i s  s a t i s f i e d ,  Eq B-12 

i s  s t ab le  because the coe f f i c i en t  matrix f o r  Ak on the RHS of Eq B-12 

i s  non-negative . 

Then, the last term on the  RHS of Eq B-12 

We are now in t e re s t ed  i n  obtaining a s imi l a r  descr ip t ion  which 

holds when control led element mismatch and disturbance inputs  a r e  

present. 

[r - c j - Fml and d. From Eq B-1, B-3, B-6 and B-10: 

This requi res  an expression f o r  I f m  - f l u  i n  terms of 

[ f m  - f l u  = [& C,’ C/A - I] [[r - c ‘ - Fm] ( k m  - A k ) L  
oc-1 

I 

+ 4 c;’ D/A du (B-I 4) 

Subst i tut ion of E q  B-14 i n t o  Eq B-12 assuming k m  is constant gives  

The last  two terms on the  RHS of Eq B-15 a r e  the  forc ing  terms. 

may introduce a bias and a t r ans i en t  forcing e f f e c t .  

on t h e  RHS a r i s e s  because of control led element mismatch e f f e c t s  s ince  

it vanishes when 

Each 

The second term 

& C,’ C/A = I (B-16) 

This forcing is  ac tua l ly  des i r ab le  because it tends t o  o f f s e t  t he  

e f fec ts  of control led element mismatch by c a l l i n g  f o r  non-zero values 



of Ak. 

disturbance inputs .  

not i s  l a rge ly  a poin t  of view. 

input components i n  [r - r m ] ~ ,  but  t h i s  i s  of ten accomplished by c a l l i n g  

f o r  values of Ak which s a c r i f i c e  a considerable amount of the bas ic  

system s t a b i l i t y  margin. 

input power is l a rge  with respect  t o  command power. Thus i t s  des i r -  

a b i l i t y  i s  somewhat controversial .  It i s  possible t o  circumvent t h i s  

“problem,“ however, i f  one i s  willing t o  measure the disturbance inputs .  

The t h i r d  term on the  RHS of Eq B-I5 arises because of the 

Whether t h i s  forc ing  i s  regarded as des i rab le  o r  

Its effect  i s  t o  suppress disturbance 

This i s  especial ly  t r u e  where the  disturbance 

The s t a b i l i t y  of the  homogeneous p a r t  of Eq B - I 5  i s  the  last point  

f o r  discussion. I n  Eq B-12, the  homogeneous so lu t ion  is  s t ab le  because 

the  matrix 

condition f o r  s t a b i l i t y .  If i s  non-negative. This i s  a gu f f i c i& 

t h i s  matrix i s  a l s o  non-zero except a t  i so la ted  in s t an t s ,  t he  homogeneous 

so lu t ion  is asymptotically s t a b l e  t o  ak = 0. See Theorem 1 and pages 

14 through 16 and pages 106 through 1 0 8  of Ref. 7 f o r  de t a i l ed  proof. 

What is more, under these circumstances, E q B - 1 3  holds s o  t h a t  Ak = 0 

results i n  e = 0 because of Eq B-11. All t h e s e  conclusions assume no 

mismatch of e i t h e r  kind. Things 

a r e  not s o  simple f o r  the  homogeneous solut ion t o  E q  B-17. 

because H i n  

. .  

That is ,  E q  B-13 m u s t  be s a t i s f i e d .  

This i s  

i s  not  necessar i ly  a non-negative matrix. 
simple suf f ic iency  condition f o r  s t a b i l i t y .  A general ,  ana ly t i ca l  

treatment beyond t h i s  po in t  does not seem warranted because it would 

p e r t a i n  only t o  the  homogeneous (unforced) solut ion.  

A few q u a l i t a t i v e  remarks a r e  i n  order,  however. 

This f a c t  denies use of t he  

It seem evident 
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i n  view of Eq B-16, t ha t  s m a l l  mismatches w i l l  s t i l l  r e s u l t  i n  a 

non-negative matrix.  

functions matrix of &1 C,’ C/A will have elements which a r e  pole-zero 

dipoles when mismatch i s  s m a l l .  If the  power spec t ra  of the  elements 

of [r - c - Frn1oC-1 are a t  a l l  broad, we can reasonably expect the  H 

matrix t o  remain non-negative. 

it i s  not usefu l  f o r  engineering ana lys i s  of the problem. 

however, provide an i n t u i t i v e  f e e l  f o r  the e f f ec t s  of mismatch and 

disturbance inputs upon the  gain-difference dynamic response. 

. 

This follows from the f a c t  t h a t  the  t r a n s f e r  

So, while Eq B-15 i s  an exact expression, 

It does, 

The s t ruc tu re  of t h i s  gain-difference dynamic system i s  i l l u s t r a t e d  

i n  Fig. B-2. 

in tegra tors  , time-varying gains  and t r a n s f e r  functions cons is t ing  of 

dipoles. 
i s  s t ab le  as noted previously.  When the time-varying gains can be 

e f fec t ive ly  approximated by constants,  the  system s t a b i l i t y  may be 

examined using root  locus techniques. 

It shows t h a t  the elements of the  closed loop a r e  

When the t r ans fe r  funct ion matrix is unity,  the  closed loop 

INCLUSION OF OUTER LOOP CLOSURES 

Outer loop closures may be represented by redefining r as 

r = P(r, - c )  ( B-I 8) t 

ro is the diagonal matrix of outer  loop commands. 

outer loop compensation. 

equations f o r  r. 

pa r t i cu la r  i n t e r e s t  because t h a t  equation determines the  gain-difference 

dynamics . 

P is the  matrix of 

This expression can be subs t i t u t ed  i n  a l l  

The r e s u l t s  of the  subs t i t u t ion  i n t o  Eq B - I 5  a r e  of 

+The matrix, e, could be replaced by a l i n e a r  operat ion on the  
controlled element output matrix f o r  g rea t e r  genera l i ty ,  bu t  t h i s  would 
not a f f e c t  t h e  observations which follow. 
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+ AIPro - ( I  + P ) c  i -  F”] [[&C,’C/A-I] pro- ( 1  + P ) c  I--hl]km]L-l I 

af 

+ AIPro - ( 1  + P ) c [ -  F”lk -1 [..C,l D / a  d$-l TB-19)  

When the  assumption i s  made t h a t  Eq B-16 i s  s a t i s f i e d  (no control led 

element mismatch) the  following r e s u l t s .  

G = - A [ P ~ ,  - ( 1  + P I C  i - fib-l IPro - ( I  + P I C  i - ~ ” 1 ~ ~  Ak 

+ A[Pro - ( 1 + P)c i - Fmk-l ]L&C,’ D/A d u k - l  (B-20) 

Equations B-19 and B-20 i nd ica t e  t h a t  the  outer  loop closure e f f e c t s  

are  merely changes i n  the  (time-varying) coe f f i c i en t s  i n  the equations 

governing the parameter-difference dynamics. 

l eve l  of t he  forcing r e su l t i ng  from disturbance inputs  and cont ro l led  

element mismatch, and the rate of convergence of t he  homogeneous so lu t ion ,  

it does not seem l i k e l y  t h a t  s t a b i l i t y  w i l l  be a f fec ted .  

While these  a f f e c t  the  

The gain adjustment l a w ,  Eq B-9, was se lec ted  because of the  

s t a b i l i t y  property t h a t  Ak displays when f m  = f .  

Eq B-9 was establ ished f o r  reasons of convenience. 

i n t e re s t ing  t o  discover what c r i t e r i o n  i s  being s a t i s f i e d  by Eq B-9, 
assuming it is a s teepes t  descent l a w  and t h a t  Eq B-13 is s a t i s f i e d .  

I n  o ther  words, 

Now,it would be 

Steepest  descent adjustment means t h a t :  

h = - (constant)  vh J (B-21) 

h is a gain vector ,  oh<.) denotes the  gradient  of ( * )  w i t h  respect  t o  

h, and J i s  the s c a l a r  c r i t e r i o n .  We can a r b i t r a r i l y  take the  constant 
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t o  be un i ty  without loss  of general i ty .  

through 23  of R e f .  7 shows t h a t  Eq B-21 i s  equivalent t o  

The development on pages 21 

when 

Recal l  t h a t  A i s  diagonal s o  that 

I n  considerat ion of Eq B-10 and B-11, it is easy t o  see t h a t  

J = e '  e/2 

(B-22) 

03-23] 

(B-24) 

and t h a t  t h e  gain adjustment l a w  results in  a s teepes t  descent 

adjustment on the surface described by Eq B-24 i n  h coordinates. 

is, when e(&) i s  expressed as e(A1I2fSh). 

That 



APPENDIX C 

SIMULATION CIRCUITS 

The primary goal  of t h i s  research program w a s  t o  develop a cont ro l  

system capable of rap id ly  adapting t o  compensate f o r  p lan t  va r i a t ions .  

What proved t o  be a p a r t i c u l a r l y  appropriate  appl ica t ion  w a s  se lec ted  

t o  demonstrate t he  pr inc ip les  of t he  adaptive system. The problem 

chosen was the  l a t e ra l -d i r ec t iona l  s t a b i l i t y  augmentation of a 

representat ive,  but  hypothetical ,  manned, l i f t ing-body,  en t ry  vehicle .  

A quant i ta t ive  descr ip t ion  of the dynamics of the vehicle  is given i n  

Appendix A. Certain aspects  of the  p a r t i c u l a r  con t ro l  problems posed 

by th i s  vehicle  have already been discussed i n  Section 11. 

Analog computation w a s  chosen as the  appropriate  t o o l  f o r  system 

simulation. The EA1 680 computer system provided t h e  complete real-t ime 

simulation. Preliminary s tudies  were performed on t h e  EA1 TR-48, 
a considerably smaller computer system. This, it turned out,  was 

highly advantageous i n  t h a t  the  low cos t  !IT-48 served w e l l  t o  show how 

t o  optimize the f u l l  sca le  simulation. 

provided some support, p a r t i c u l a r l y  i n  s e t t i n g  up funct ion generators .  

All simulation work was accomplished a t  Electronic  Associates,  Inc.  

Princeton Computation Center, Princeton, New Jersey. 

The EA1 8400 d i g i t a l  computer 

The d e t a i l s  of t h e  simulation follow. 

The block diagram of the  complete system i s  repeated here i n  

Fig. C - 1 .  References a r e  made i n  Fig.  C-1 t o  the  appropriate  de t a i l ed  

diagram which comprise Fig.  C-2 through C-12 of t h i s  Appendix. 

Per t inent  t r a j e c t o r y  ( t r i m )  c h a r a c t e r i s t i c s  are given i n  Fig. C-2. 

The sketch and de f in i t i on  l i s t  below i d e n t i f y  the a x i s  system and t r i m  

motion quant i t ies .  

116 



. 

I 

I -t 

A 
I 

I 
I 

a, 

c 

I 
V 



Fllght Condltknr 
630 725 8 

I 1 

Anglo of Attack 

20- 

- 

Figure C-2. Trajectory Characteristics 



xyz is a body-fixed 
axis system 

Trim Conditions 

?E/o = 9 0  = 0 

@ o = & o = o  
eo = o  yo ,  flight path angle = eo + a. 

eo , angle of inclination of x axis 
from horizontal 

a o ,  trim angle of attack 
VT,,, velocity (inertial) 

60 6\. Axis 

Gravity 

4 

The segment of f l i g h t  t i m e  selected encompasses the  c r u c i a l  

conditions from the  handling q u a l i t i e s  viewpoint. I n  addi t ion,  the 

ranges through which the s t a b i l i t y  der ivat ives  vary i s  extreme. The 

time varying s t a b i l i t y  der iva t ives  are shown i n  Fig.  C-3, C - 4  and C-5.  
S t a b i l i t y  der iva t ives  not shown (q, g, N$, N& and o thers )  are 

negl ig ib le  f o r  t h i s  vehicle and f l i g h t  regime and a r e  assumed zero. 

The time funct ions shown are the  ac tua l  simulated fundtions.  They 

were generated using diode funct ion generators and some of the d i g i t a l  

log ic  ("AND" ga te s )  ava i lab le  i n  the 680 computer system. 

The th ree  vehicle  equations of motion are shown i n  Fig. C-6, C-7 
and C-8. 
var iab le  diode funct ion generators (VDF'G). 

produce the  s i n e  and cosine of angle of a t t a c k  i n  t h e  s ide  force  

equation. Quarter square e lec t ronic  mult ipl iers  are employed as shown. 

The t i m e  varying s t a b i l i t y  der ivat ive are generated by 

Resolvers are used t o  

The sensor equations are represented i n  Fig. C-9. cp i s  the  bank 

angle of the vehicle  and ay is  the  l a t e r a l  acce le ra t ion  of a poin t  on 

the  vehic le  1, f e e t  forward of the  center of gravi ty .  

i s  s e t  i n t o  t h e  accelerometer equation with a potentiometer and may be 

This dis tance 
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varied over a wide range. 

of t h i s  repor t  1, was 3.38 ft, the "optimum" value determined by the  

f ixed  f l i g h t  t i m e  surveys. 

For the  experiments reported i n  Sect ion I11 

Figure C-10 shows the  la teral  accelerat ion feedback loop of the  

s t a b i l i t y  augmentation system. 

and feeds back t o  the  acce lera t ion  c o m n d  point.  

ace - ac, then goes through t h e  ga in  KY, and is the  rudder servo 

command. 

order  l ags  with break frequencies of 25 rad/sec. 

a i  i s  equalized by a lead-lag c i r c u i t  

The command e r ro r ,  

Both the  rudder and the  a i l e ron  servos a r e  represented by f irst  

The ga in  i s  establ ished by the  adaptive loop. The command e r r o r  

ace - ac is  processed by a f i l t e r  and a model of the servo (exac t )  

t o  provide ooe component of the  e r r o r  s igna l  e,. 

of er  is the  model output 6rm. 

provide the rate of change of Ky. 

Kyo generates  Ky f o r  the  augmenter loop. 

0 

The o ther  component * 
A mul t ip l ie r  weights the  e r r o r  t o  

c An in tegra tor  w i t h  i n i t i a l  condition 

Figure C-11 shows t h e  roll rate feedback loop of t he  s t a b i l i t y  

augmentation system. It i s  d i f f e r e n t  from the lateral acce lera t ion  

loop i n  only two ways. 

output, t he  feedback s igna l .  Secondly, the a l t e r n a t i v e  scheme used 

t o  simulate the d i g i t a l  gain adjustment logic i s  shorn. Section I V  

covers the  ana ly t i ca l  and experimental r e su l t s  obtained with t h i s  

scheme. 

F i r s t ,  there  is  no equal iza t ion  of the sensor 

Figure C-12 gives the  diagram f o r  t he  model of t he  inverse vehicle .  

The inputs  are r o l l  rate, @, and f i l t e r e d  la teral  acce lera t ion ,  T ~ ,  . 
T is  the f i l t e r  t i m e  constant,  and happens t o  appear as a sca l e  f ac to r  

on t h e  s i g n a l  a l .  

t i m e  constant ,  T. 

d i f f e r e n t i a t i o n  of r o l l  r a t e  and suppression of high frequency noise 

o r ig ina t ing  a t  the  sensors.  

rudder def lec t ion ,  6, , and the desired a i l e ron  def lec t ion ,  Earn. 

R o l l  rate i s  processed by a f i l t e r  with the  same 

The f i l t e r  serves the  d u a l  purpose of pseudo- 

The outputs of t h e  model are the  desired 
* * 

m 
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Figure C-lg gives the  d e t a i l s  of t he  c i r c u i t  used t o  generate the  

forc ing  funct ions f o r  the  system. Three osc i l l a to r s ,  each of which i s  

b u i l t  from an in t eg ra to r  and a re lay ,  a r e  the important elements i n  

the  system. One o s c i l l a t o r ,  Osc-No. 1 ,  supplies the  square wave 

s igna l ,  and t h e  three  together  are' used t o  generate t r i angu la r  waves 

which are summed and f i l t e r e d  t o  produce the approximately Gaussian, 

quasi-random, dr iv ing  function. 

random but  it can be reproduced exac t ly  at w i l l .  Natural ly  the  

spectrum can be adjusted t o  meet any requirement; t h e  only l i m i t a t i o n  

being t h a t  only three  major frequency components a re  ava i lab le ,  one 

f o r  each o s c i l l a t o r .  There a re ,  of course, secondary frequency 

components (harmonics) present ,  and these a re  des i rab le  i n  t h a t  they 

help mask the per iodic  nature of t he  s ignal .  

This quasi-random funct ion lllooksl' 

I )  

Figures C - 1 4  and C-15 show aux i l i a ry  c i r c u i t s  which a r e  required * 
t o  operate the simulation. Figure C - 1 4  shows t he  various piecewise 

l i n e a r  t i m e  ramps used t o  dr ive  the  diode funct ion generators which 

provide t h e  t i m e  varying s t a b i l i t y  der ivat ives .  

C-3. j 
s eve ra l  ways t o  supply s igna l s  with varying s lopes.  

maximum slopes of the  VDFG's a r e  a r t i f i c a l l y  increased t o  s u i t  t he  

rap id ly  changing s t a b i l i t y  der iva t ives .  

(See Fig. C-2 through 

An in t eg ra to r  sxppl ies  a ramp function which i s  modified i n  

I n  this way 

Figure C - 1 5  shows the  d i g i t a l  mode control  log ic  required t o  

secure valuable operat ional  e f f ic iency .  Certain s impl i f ica t ions  of 

these log ic  c i r c u i t s  a r e  no doubt possible s ince  they  were p a r t l y  

implemented i n  the  "heat of battle." 

work properly.  

The system shown, however, does 

This concludes the  presentat ion of the analog computer c i r c u i t s .  

Overall ,  the  simulation wedt very well-no unusual problems arose.  

I n  f a c t  some of the an t ic ipa ted  d i f f i c u l t i e s  (mul t ip l i e r  noise, VDFG 

d r i f t ,  e t c . )  did not a r i s e .  We fee l  compelled t o  note t h a t  t h e  EA1 

680 computer system! s performance exceeded our expectations.  
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